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ABSTRACT 
Friction stir welding, as a solid-state joining method, seems a viable 
joining/assembly method for difficult-to-weld cast magnesium and cast aluminum alloys. 
Due to the high flammability of Mg alloys, and the brittle joints of welded Al alloys, fusion 
based welding techniques may not be successful to join Mg or Al made component. 
Therefore, a solid-state operation, in which applied heat input and induced temperature 
within the work piece are below the melting temperature of the base alloys, can be 
considered as a viable method to join so-called unweldable Mg and Al alloys. To this end, 
friction stir welding, as one of the most common solid-state joining and processing 
methods, has been extensively studied for similar/dissimilar welding of different grades of 
magnesium alloys.  
In this thesis, the effects of FSW parameters (i.e. tool traverse speed and tool rotational 
speed) have been examined on two different cast alloys with particular focus on 
microstructure, hardness distribution and fatigue life: 
i) AM60 as-cast magnesium alloy 
ii) Al-10%Si as-cast hypoeutectic aluminum alloy 
The influence of different processing parameters has been explored at a vital level. 
Hardness and fatigue testing were performed to determine how the changes in parameters 
influence the mechanical properties. Fractography was carried out on the fatigue fracture 
surface to determine the means of failure and crack initiation points; optical microscopy 
xix 
 
and scanning electron microscopy were performed on the FSW joint to observe the 
microstructural changes with varying weld parameters.  
Upon the FSW process, the microstructure of both alloys was greatly refined due to the 
severe plastic deformation imposed by the rotating tool. The hardness for the AM60 Mg 
alloy was higher in the SZ, compared with the base metal, while for the Al-10%Si alloy 
the hardness value was lower in the SZ than the parent materials with the lowest value 
being seen in the HAZ and TMAZ.  
The resulting stress amplitude vs. cycles to failure (S-N) curves show an increase in fatigue 
life with a decrease in stress amplitude. SEM fracture surface observations show crack 
initiation occurring from the imperfections on the surface and internally. The fracture for 
AM60 was a combination of both brittle and ductile while the Al-Si10% alloy showed pure 
ductile fracture (collection of dimples on the fracture surface). The fracture surfaces also 
exhibited features unique to fatigue failure, including fatigue striations and beach marks 
In Chapter V a summary of the present work along with recommended future research have 
been provided. Also, various properties of the FSWed AM60 have been compared against 
those of FSWed Al-10%Si alloy and the differences have been explained.  
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CHAPTER I 
1. INTRODUCTION 
1.1 Background Information and Motivation 
Given the growing concern with greenhouse gas emissions, minimizing the carbon dioxide 
emissions, and decreasing fuel consumption in the automotive and aerospace industries, it 
is becoming a progressively important topic of discussion for many nations. Many 
industries, including the automotive and aerospace, are assessing ways to reduce the overall 
weight of their vehicles. There has been a shift from ferrous materials and high strength 
steels to lower density materials like aluminum and magnesium. Given low density and 
excellent mechanical strength of both magnesium and aluminum alloys, these materials 
give promising responses to replace steel in both aerospace and automotive vehicles to 
reduce the overall weight. This reduction in weight leads to lower fuel consumption and in 
turn lowering the impact of the carbon dioxide emissions on the environment.  
One of the challenges with casting of magnesium and some aluminum products (such as 
Al-10%Si) is that it is not always possible or economical to cast complex parts [1]. In these 
cases, there needs to be a method of joining and assembly of the materials for various 
structural applications. However, traditional joining techniques (i.e. fusion-based welding) 
may not necessarily work on cast Mg alloys (i.e. AM60) and cast Al alloys (i.e. Al-10%Si) 
due to the formation of porosity in the weld zone [2, 3], microstructural changes and 
welding defects generated, which lead to weakening of the materials properties. Besides 
this, Mg is highly flammable (fairly low ignition temperature) with a large coefficient of 
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expansion (25.6 µm/m.K at 20 to 100 °C) [4]). On the other side, fusion welding of Al-
10%Si alloy results in a brittle joint due to the presence of large density of Si in the 
weldment. Therefore, it is important to explore and understand the microstructure, 
hardness, and fatigue behaviors of the welding process to be able to use magnesium and 
aluminum alloys in structural applications.  
It is worth mentioning that using mechanical assembly methods like bolts or rivets adds 
weight to the parts, taking away from the benefits of using Mg and Al as light weight 
material for automotive and aerospace applications [5]. Besides, mechanical fasteners 
create stress concentration points in the assembled structure which adversely affect the 
fatigue life. This leaves solid-state friction-based welding techniques (i.e. friction stir 
welding (FSW)) as a potential choice for joining cast Mg alloys like AM60 [6, 7, 8, 9] and 
cast Al alloys like Al-10%Si. In the solid-state techniques like friction stir welding, in 
which no melting occurs in the base metal(s), could be considered as effective methods for 
joining hard-to-weld metals (i.e. Mg and Mg alloys and Al and Al alloys). 
1.2 Problem Statement and Scope of Thesis 
Structural components in the aerospace and automotive industries are subjected to large 
cyclic loadings during their life. This makes it crucial to understand the behavior of the 
material under these conditions. This cyclic failure is referred to as fatigue, and fatigue 
failure accounts for almost 90% of all mechanical service failures of components in the 
automotive industry [10]. Fatigue failure is different than tensile failure or single 
application failures in that it happens at low stresses, normally well below the ultimate 
tensile strength of the material [10]. When fatigue failure occurs, it does quickly and most 
often without any warning which make it potentially catastrophic failure. This makes it 
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vital to research and understand the fatigue behaviors of materials, particularly in the 
automotive and aerospace industries as any failure in these industries can result in safety 
concerns for the occupants of the vehicles.  
The vision of this research is to ultimately improve the fuel efficiency of vehicles by 
reducing their weight. More precisely, this research focuses on looking at two specific 
materials, cast magnesium alloy AM60 and cast aluminum alloy Al-10%Si and friction stir 
weldability of them. The purpose of this is to see if it is a viable option before looking at 
large scale application for the actual components in the transportation industries. The 
present study will evaluate the fatigue life in cyclic tensile-tensile loading-unloading, axial 
load-controlled conditions of friction stir welded AM60 and Al-10%Si. It will also look at 
understanding the correlations between fatigue life, hardness, and microstructure of the 
FSWed cast magnesium and aluminum alloys.  
1.3 Thesis Organization 
The thesis has been separated into five chapters which are as follows: The first chapter 
provides a short introduction to the topic and states the motivation and objectives of the 
work. Chapter two introduces magnesium, magnesium alloys and their physical and 
mechanical properties. It furthers discusses the established theories and studies regarding 
the effect of features on the microstructural mechanical properties. Chapter two also 
introduces aluminum, cast aluminum alloys and their physical and mechanical properties. 
It furthers discusses the established theories and studies regarding the effect of features on 
the microstructural mechanical properties. Chapter two describes the background of 
friction stir welding which was used in this study as well. Chapter three presents the various 
experimental methods used in this study. Chapter four describes the experimentally 
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observed results and correlation established between the local mechanical properties and 
microstructural features of as-casting AM60 magnesium alloy and Al-10%Si aluminum 
alloy. The experimental results were determined via Vickers hardness testing and fatigue 
testing. The relationship between microstructures and mechanical properties for each alloy 
examined are reported. Finally, Chapter 5 provides conclusions of the research results and 
recommendations to further understanding the relationship between microstructural 
features and local mechanical properties.  
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CHAPTER II 
2 LITERATURE REVIEW 
This chapter consists of four sections. The first two are to introduce magnesium and 
aluminum, including their physical and mechanical properties. The third part is to describe 
the factors that affect mechanical properties including the microstructure, grain size, 
porosity, and defects. The final section is to present the background of friction stir welding 
which was used in this study.  
2.1 Magnesium 
2.1.1 Physical and mechanical Properties of Magnesium 
Magnesium is a metallic element which makes up 2% of the earth’s crust. It is one of the 
most abundant elements in the earth’s crust and makes up 0.13% of the Earth’s ocean water 
making it the third most abundant mineral dissolved in the earth’s sea water. Magnesium 
occurs naturally only in combinations with other elements such as carbon, calcium, and 
oxygen. Magnesium has an atomic number of 12 and the atomic weight (average mass of 
the atom) is 24.31 g/mol [11, 12, 13]. The physical properties of pure magnesium are shown 
in table 2-1.  
Table 2-1: Physical properties of pure magnesium [14] 
Physical 
Property 
Density 
(g/cm3) 
Melting 
Point 
(oC) 
Specific 
Heat 
(Cal/goC) 
Electrical 
conductivity 
(%IACS) 
Thermal 
Conductivity 
(W/mK) 
Crystal 
Structure 
Young’s 
Modulus 
(GPa) 
Pure Mg 1.74 650 0.24 39 155 h.c.p 45 
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2.1.2 Magnesium Alloys 
Like other metals, pure, unalloyed, magnesium is rarely used for engineering applications. 
The purpose of alloying is to improve the mechanical properties and formability of 
magnesium in both wrought and cast products.  There are two types of magnesium alloys, 
the first of which has a main alloying element of Aluminum at 2 – 10%, these all contain 
zinc or manganese in minor quantities. These magnesium alloys are available widely, at 
moderate costs. They also show good mechanical properties between 95 and 120 °C, above 
this the properties will deteriorate as the temperature increases. The other types of 
magnesium alloys are those in which the magnesium is alloyed with various other elements 
except for aluminum. These could include rare earth, zinc, thorium, silver, and silicon. The 
second group also contains a small amount of zirconium which creates a fine grain structure 
and improves the mechanical properties of the metal [14].  Table 2-2 shows the effects of 
different alloying elements on the mechanical properties of magnesium.  
Table 2-2: The effect of alloying elements on Magnesium [15, 16]. 
Alloying Element Effect on the Mechanical Properties 
Aluminum (Al) 
• Increases tensile strength and hardness 
• Forms precipitation of intermetallic 
phase (Mg17Al12) 
• Improves castability 
• Increases corrosion resistance 
Zinc (Zn) 
• Increases tensile strength and hardness 
• Refines grain structure 
• Improves castability 
• Increases corrosion resistance 
Manganese (Mn) 
• Increases yield strength 
• Increase corrosion resistance while 
reducing the effect of iron 
Silicon (Si) 
• Improves creep resistance 
• Forms Mg2Si particles 
• Increases molten metal viscosity 
• Reduces castability 
• Reduces corrosion resistance 
Rare Earth Metals  
• Reduces the freezing range 
• Increase tensile strength and hardness 
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2.1.3 Cast Magnesium Alloys 
The development of Magnesium casting began in 1921 when Dow started to produce 
pistons made of magnesium. Casting of magnesium grew in popularity and became further 
developed through out World War II with the production of parts for aerospace, defense, 
and automotive application. This development was in gravity sand, permanent mold, and 
high-pressure die casting (HPDC). The latest technology has developed excellent 
castability [5] on modern magnesium alloys and the focus has been on thin-walled die 
casting for applications in the automotive industry. Magnesium casting has continued to 
expand in the automotive industry, defense, aerospace, electronics, and power tools. 
Currently casting is the dominant manufacturing process for magnesium components and 
represents approximately 98% of all structural applications of magnesium [17] 
There are several unique characteristics that magnesium possesses, including solidification 
which give it an advantage over other cast metals including aluminum and copper. These 
include excellent fluidity and a low susceptibility to hydrogen porosity [17].  
The most common casting method for magnesium alloys is high-pressure die casting 
(HPDC) [16, 17]. For this process liquid metal is injected at high speed and high pressure 
into a metal mold. Figure 2-1 depicts this process.  
 
Figure 2-1: Schematic of the HPDC technique [18] 
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During casting of magnesium alloys the molten magnesium alloys can be held in containers 
made of ferrous materials; this is because the melted magnesium does not attack iron as 
molten aluminum does. Because of this, it is common for the magnesium alloy to be melted 
and transported in steel crucibles, tools and devices.   
High pressure die casting is excellent for manufacturing light metal components. It 
provides excellent flexibility in the design and is extremely economical to produce parts 
though this process. Because magnesium alloys are great for die filling, the parts produced 
from high pressure die casting can be large, thin walled, and complexed. This allows for 
the replacement of steel parts, which have been made of multiple parts welded or joined 
together, with the solid magnesium parts. An advantage of magnesium die casting is that it 
can be designed with both thin and thick walls, thinner walls where the strength is not 
important and thicker walls where there are strength requirements. As well it is possible to 
cast magnesium alloys with thinner walls than aluminum alloys. As well, magnesium has 
a shorter casting cycle time than aluminum [17]. Table 2-3 below shows the design 
parameters and manufacturing characteristics for magnesium die casting.   
There are two types of high pressure die casting that exist, these are hot chamber die casting 
and cold chamber die casting. In the automotive industry most of the magnesium die 
casting parts are produced by cold chamber die casting process [17].  
One of the problems with casting magnesium alloys is the formation of defects (porosity 
and inclusions) that can happen during the casting process. These defects can act as stress 
concentrations which in turn can lead to crack initiation points. This can facilitate the 
fatigue crack initiation which in turn can reduce the life of the component and lead to a 
reduced cyclic strength [19]. 
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Table 2-3: Design parameters and manufacturing characteristics for magnesium die casting 
[17] 
Design Parameter  
Dimensional Tolerance (mm/min) ±0.001 
Draft angle (°) 0–1.5 
Minimum wall thickness (mm) 1–1.5 
Casting/molding cycle time (unit) 1.0–1.4 
Typical die life (×1000 shots) 250–300 
Trimming cycle time (unit) 1 
Machinability Excellent 
Welding/joining Fair 
Surface finishing Excellent 
Recyclability Good 
 
2.1.4 Magnesium-Aluminum Alloys 
Aluminum is an alloying element used in Magnesium. Aluminum is soluble in magnesium; 
the solubility increases with increasing temperatures. Aluminum helps to increase the 
tensile strength and hardness, as well as improves the castability of the alloy and increases 
corrosion resistance.  Aluminum also formed Mg17Al12 precipitates throughout the grain 
boundaries [15] which are shown in figure 2-1. Figure 2-2 below shows the phase diagram 
for Mg alloys. Al is soluble in Mg from 2.1 wt% at room temperature up to 12.6 wt% at 
the eutectic temperature of 437 oC. [15].  
In the current project a cast Mg alloy (AM60) was used as one of the investigated materials. 
The main alloying element in AM60 Mg alloy is aluminum with the secondary alloying 
element being Manganese (Mn). Table 2-4 shows the nominal composition (wt%) of the 
AM60 alloy. The addition of aluminum increases the tensile strength and hardness of the 
magnesium which improves the castability. AM60 is also very strong making it excellent 
for support functions. Table 2-5 shows the mechanical properties of AM60 alloys. 
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Table 2-4: Nominal composition (wt%) of the AM60 alloy [20] 
Al Mn Si Zn Fe Cu Ni Others Mg 
5.50-6.50 0.25 0.10 0.22 0.005 0.01 0.002 0.003 BAL. 
 
Table 2-5: Mechanical properties of the AM60 Mg alloy [20] 
Tensile strength 
(MPa) 
Yield Strength 
(MPa) 
Elastic Modulus 
(GPa) 
Elongation 
(%) 
Hardness 
(VHN) 
225-240 130 45 8-13 65 
 
Magnesium aluminum alloys are made up of a primary course grain magnesium phase (α-
Mg) and an intermetallic β phase (Mg17Al12). The intermetallic β-phase particles are 
distributed through the grain boundaries. The β-phase is formed by the fast cooling 
conditions seen in the casting process, during which non-equilibrium solidification occurs 
and the intermetallic β-phase (which has a higher aluminum concentration than the α-Mg) 
is formed and distributed along the grain boundaries [15]. These different phases are 
depicted in the optical microscopy image of AM60 as cast magnesium alloy in figure 2-2.  
The intermetallic β-phase precipitates are very hard and brittle. This leads to a reduction in 
the ductility of the magnesium alloy, but it also improves the strength. The amount of the 
β-phase that is present in the Magnesium alloy depends on the cooling rate of casting as 
well as the amount of aluminum which is present (AM60 contains 5.5-6.5 wt% Al). It can 
be noted that the higher the content of aluminum in the magnesium alloy, the greater the 
ultimate tensile strength and the yield strengths. In a comparison of AM60 (with 
approximately 6 wt% Al) with AZ91 (approximately 9 wt% Al), the AM60 shows a much 
lower tensile strength but it is more ductile giving it a higher elongation to fracture, alloying 
the AM60 alloy to absorb more energy prior to fracture than AZ91 can [15]. Table 2-6 
shows how the mechanical properties vary with different aluminum content.  
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Table 2-6: Aluminum content effect on mechanical properties of Magnesium alloys [15] 
Alloy 
Al Content 
(Wt%) 
Density 
(g/cm3) 
Ultimate 
Tensile 
Strength  
(MPa) 
Tensile 
Yield 
Strength 
(MPa) 
Compressive 
Yield Strength 
(MPa) 
Elongation 
to Fracture 
(%) 
Pure Mg   1.745 90 21   2-6 
AZ91 8.3-9.7 1.81 240 160 165 3 
AM60* 5.5-6.5 1.8 225 130 130 8 
AM50 4.4-4.5 1.77 210 125 110 10 
AS20 1.7-2.5 1.78 190 90 90 12.6 
 
*AM60 is the Mg alloy used in this project. 
 
Figure 2-2: The optical microscopy image of the microstructure of as-received AM60 alloy 
showing the β phase Mg17Al12 precipitates along the grain boundaries. 
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Figure 2-3: Al-Mg binary phase diagram [21]. The dashed line, schematically, shows the 
position of the AM60 alloy. 
2.1.5 Applications 
Magnesium is only behind steel and aluminum as the third most common metal used in 
structural applications. It has many uses in automotive, aerospace, defense, electronics, and 
power tool industries [17, 22]. 
Aerospace Industry 
Magnesium began as one of the most used materials for aerospace construction. In World 
War I and World War II magnesium was used extensively for the German and US military 
aircrafts. The US B-36 has been reported to be composed of have 12,200 lbs. of magnesium 
sheets, 1200 lbs. of magnesium forgings, and 660 lbs. of magnesium castings [23]. In 
commercial aircrafts the Boeing 727 build between 1962 and 1984 had 1200 components 
made of magnesium alloys [17]. However, most of the application for magnesium parts 
has been removed from aircrafts because of the concerns with the hazard associated with 
the flammability of magnesium and corrosion problems [24].  
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Currently the use of magnesium alloys in aerospace industry is limited to engine and 
transmission related castings and landing gear. Magnesium alloys are not currently used 
for structural application in major aircraft manufacturers [25] but is being used in the 
helicopter industry. Below is a list of current aerospace applications [17]: 
• Sikorsky UH60 Family (Blackhawk) main transmission, ZE41 alloy; 
• Sikorsky S92 main transmission, WE43A alloy; 
• Thrust reverser cascade casting in AZ92A alloy found on Boeing 737, 747, 757 and 
767; 
• Pratt & Whitney F119 auxiliary casing, WE43 alloy; 
• Pratt & Whitney Canada PW305 turbofan in ZE41 alloy;  
• Rolls Royce tray in ELEKTRON ZRE1 alloy 
There are current researchers working with the aerospace industry on developing new 
magnesium alloys and manufacturing processing for aerospace applications and it is 
expected that magnesium alloys will begin to increase in use as structural applications for 
the aerospace industry [17, 26]. 
 
Figure 2-4: Applications for magnesium alloys in the aircraft industry [27] 
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Automotive Applications 
In the automotive industry there is a continual and increasing interest in creating light 
weight vehicles aiming to achieve a large reduction in the fuel consumption of new vehicles 
[17, 28, 29] and in turn decreasing the carbon footprint.  Magnesium was first use in the 
automotive industry in 1921 with the development of racing engine pistons developed by 
Dow Chemical [17, 30] in the US and in 1925 magnesium alloys were used for pistons in 
Germany. In 1931 General Motors used magnesium alloys in their crankcase on the 
Chevrolair [17, 30]. The use of magnesium alloys in the automotive industry grew 
throughout the 1930 and World War II and again grew with the introduction of the 
Volkswagen Beetle. In the 1970’s the use of magnesium alloys in the automotive industry 
for powertrain applications began to decrease as power requirements and operating 
temperatures grew [17, 26]. Today, the interest of using magnesium in automotive industry 
is increasing [31, 32] but there is still not a great deal of actual applications as compared 
to steel, aluminum, and plastics [17]. Currently the average amount of magnesium in a 
vehicle is less than 1% of the total vehicle weight. Most of the applications for magnesium 
in the automotive industry are interior as the possibility of galvanic corrosion is much less. 
These interior applications include instrument panels, steering and seat structures. There 
are limited applications in the car bodies using cast magnesium alloys and still some 
application for powertrain parts which are restricted to lower temperature applications [28]. 
Figure 2-4 shows examples of Mg powertrain components. 
Since currently there is a limited amount of automotive parts and components made from 
magnesium alloys there is a great opportunity to expand the applications for magnesium in 
light weight vehicle construction [17]. 
14 
 
 
Figure 2-5: Magnesium powertrain components from the USCAR magnesium powertrain 
cast components project; (a) LPDC cylinder block, (b) Thixomolded front engine cover, 
(c) HPDC oil pan and (d) HPDC rear seal carrier [17]. 
 
Figure 2-6: Examples of applications for magnesium alloys in the automotive industry [33]. 
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Other Applications 
Aside from being lightweight and strong magnesium alloys also have excellent heat 
dissipation (100 times better than plastics), better vibration dampening than any other 
metal, excellent machinability, and is environmentally friendly and easy to recycle [17, 34, 
35, 36]. This gives it multiple benefits for other industries including electronic and power 
tools.  
The electron industry has a need for light weight, tough, environmentally friendly materials 
and manufacturers are using magnesium alloys to achieve all these requirements to 
manufacture everything from digital cameras to notebooks and more [34]. The excellent 
castablity of magnesium allows for the design challenges of these devices to easily be met 
creating products for consumers that are lighter, thinner and more mobile. The strength of 
magnesium allows for the protection of the sensitive electronics inside the devices and 
gives them the strength and durability to withstand the abuse consumers put on these 
devises daily [34].  
More specifically AM60 Mg alloy is used in the automotive industry in uses for wheels 
such as with Porsche [37] and preferentially in automotive structural applications [38] 
including engine components, door and seat frames, and instrument panels [39]  because 
of its greater toughness and ductility than other Mg alloys [38].  
Die cast magnesium parts are used in the power tool industry because it provides more 
durable, light weight designs, making them easier to use for people working with the tools 
for long periods of time. This greatly helps those in the construction field.  
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2.2 Aluminum 
2.2.1 Physical and mechanical Properties of Aluminum 
Aluminum is the most abundant metallic element on the earth’s crust and the third most 
abundant element behind oxygen and silicon. [40, 41, 42]. Aluminum makes up 8% of the 
earth’s crust. Aluminum most often occurs as alum, which is Potassium Aluminum 
Sulphate [41]. Aluminum has an atomic number of 13 and the atomic weight (average mass 
of the atom) is 26.98 g/mol. Aluminum is part of the periodic table group 13 and is the 
second lightest metal (density 2700 kg/m3) next to Magnesium. Table 2-7 shows the 
physical properties of pure aluminum. 
Table 2-7: Physical properties of pure aluminum [40, 43, 44, 45] 
Physical 
Property 
Density 
(g/cm3) 
Melting 
Point 
(oC) 
Specific 
Heat 
(Cal/goC) 
Thermal 
Conductivity 
(W/mK) 
Crystal 
Structure 
Youngs 
Modulus 
(GPa) 
Pure 
Aluminum 
2.70 660 0.22 235 FCC 70 
 
Aluminum is the second most commonly used structural metal only behind iron [46]. 
Aluminum crystallizes into a face centered cubic (f.c.c.) structure [43] making it a closed 
packed structure.  
2.2.2 Aluminum Alloys 
Aluminum is almost always used as an alloy even if it is more than 99% aluminum [41]. 
The most common aluminum alloys are Zinc, Copper, Silicon, Magnesium and Manganese 
[41]. Like Magnesium, the purpose of alloying aluminum is to improve its mechanical 
properties. Aluminum and aluminum alloys have a unique combination of properties which 
make aluminum a versatile, economical, and attractive metallic material that can be used 
in a wide range of applications from soft, extremely ductile foil, to highly demanding 
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engineering applications such as strong, lightweight structures. Aluminum alloys are only 
second to steel in use as a structural material [47]. Table 2-8 shows the effects of different 
alloying elements on the mechanical properties of aluminum.  
Table 2-8: The effects of alloying elements on Aluminum [48, 49, 50] 
Alloying Element Effect on the Mechanical Properties 
Zinc (Zn) • Increases strength 
Copper (Cu) 
• Increase strength and hardness 
• Facilitates precipitation hardening 
• Reduce ductility, and elongation 
• Reduce corrosion resistance 
• Increase susceptibility to corrosion 
cracking 
Silicon (Si) 
• Reduces melting temperature 
• Improves fluidity 
• Increase strength 
• Reduces specific gravity 
• Reduces coefficient of thermal 
expansion 
Magnesium (Mg) 
• Increase strength without noticeable 
decreasing ductility 
• Improves corrosion resistance  
• Improves weldability and 
machinability 
Manganese (Mn) 
• Increase strength  
• Decreases resistivity 
• Does not affect corrosion resistance 
 
2.2.3 Cast Aluminum Alloys 
Aluminum alloys have two major categories, wrought and cast. Since the aluminum 
material studied in this thesis is a cast aluminum alloy, this section of the literature review 
is mainly based on aluminum casting and cast alloys. Cast aluminum alloys are the most 
adaptable of all cast alloys and commonly have the highest castability rating [47]. Cast 
aluminum alloys can be produced with a wide variety of characteristic. There are over 100 
different alloys registered with the Aluminum Association (AA) and over 300 alloys in 
international use [50].  
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Aluminum possesses a low melting point and excellent castability which makes it naturally 
attractive for casting purposes. This leads to the development of the existing casting 
processes which allow for complex engineered shaped being produced through melting and 
casting of aluminum alloys [50].  
One of the common casting techniques for aluminum and aluminum alloys is pressure die 
casting which was developed in the 1820’s [50]. It began as a mechanical process where 
the molten metal was pumped under pressure into the molds using a hand crank. Pneumatic 
and hydraulic systems were eventually developed and complex parts including bicycle 
frames were manufactured. Aluminum can be cast using all the existing casting processes 
including pressure die casting, permanent mold, clay/water bonded sand, chemically 
bonded sand, plaster mold, and investment casting. There are several variations to these 
casting processes that are important to the development of cast aluminum parts, these 
include: molding and pattern distinctions (lost-foam, evaporative pattern), shell and V-
mold, and process derivatives (squeeze casting, low-pressure permanent mold, vacuum 
riser-less casting, and semisolid forming) [50]. 
There are several advantageous characteristics of cast aluminum [47, 50]: 
• Good fluidity (advantageous for filling thin sections) 
• Low melting point (relative to other metals), don’t require refractory materials to 
cast 
• Short casting cycle because of the rapid heat transfer from molten aluminum to 
the mold 
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• Hydrogen is the only gas that is soluble in aluminum and that can be controlled 
through processing 
• Most aluminum alloys are free from hot-short cracking and tearing tendencies 
• Chemically stable 
• Good as-cast surface finish with few to no blemishes and lustrous surface finish 
• Cost effective 
• High mechanical properties and resistance to fatigue without heat treatment 
because of the fine microstructure produced by rapid solidification during casting 
process 
• Ability to produce near-net-shape parts with dimensional accuracy, controlled 
surface finish, complex geometries including internal passages, and properties 
consistent with specified engineering requirements 
Pressure die casting is used for high volume production casting. In this process the molten 
aluminum is injected into cavities of steel dies. It is pressurized up to 140 MPa. Most parts 
manufactured using die casting weigh around 5 kg, however it is possible to produce parts 
weighing over 50 kg. The size of the part is limited by the machine capacity. It is also 
possible to create parts with extremely thin cross-sections as compared with other casting 
methods. There is very little post process machining required after die casting because the 
as-cast surface is extremely smooth and detailed. Table 2-9 below shows the design 
parameters and manufacturing characteristics for magnesium die casting. 
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Figure 2-7: Pressure die casting [51] 
 
Table 2-9: Design parameters and manufacturing characteristics for aluminum die casting 
[17] 
Design Parameter  
Dimensional Tolerance (mm/min) ±0.002 
Draft angle (°) 2-3 
Minimum wall thickness (mm) 2-2.5 
Casting/molding cycle time (unit) 1.4-1.6 
Typical die life (×1000 shots) 100-150 
Trimming cycle time (unit) 1 
Machinability Good 
Welding/joining Good 
Surface finishing Excellent 
Recyclability Good 
 
There are several limitations to casting of aluminum alloys. For instance, there are 
limitations on the size of the parts for the different casting processes. Solidification of 
complex shapes can lead to surface discontinuities and internal microstructural features 
with different levels of quality that can affect the mechanical properties and performance 
of the part [50]. Internal porosity can form during the solidification of parts with complex 
geometries and varying thicknesses. The internal porosities can cause stress concentrations 
21 
 
at the voids which in turn can lead to premature failure of the part. This internal porosity 
in aluminum is caused by the precipitation of hydrogen from a liquid and/or through 
shrinking of the molten metal during solidification. Although most internal voids are 
formed from the hydrogen precipitation and/or shrinkage during solidification there are a 
few other causes of these internal voids:  mold reactions, high-temperature oxidation, 
blowholes, and entrapped gas [50]. As mentioned previously, these voids can facilitate the 
fatigue crack initiation which in turn can reduce the life of the component and lead to a 
reduced cyclic strength. 
2.2.4 Aluminum-Silicon Alloys 
Aluminum-silicon alloys are a group of materials which provide the most substantial 
portion of all manufactured casting aluminum materials [52]. Aluminum-silicon alloys are 
used in a large variety of applications in both the automotive and aerospace industries. This 
is due, in part, to the combination of excellent mechanical properties and castability, along 
with the alloy’s affinity for wear and corrosion resistance [52]. The addition of silicon to 
the aluminum alloy helps to improve fluidity, increases strength and reduces the melting 
temperature of the alloy [48, 50].  
Silicon is the main alloying element in Aluminum-Silicon alloys. In a hypoeutectic 
aluminum-silicon alloy the silicon content varies from 5 to 12 wt%. In a eutectic alloy the 
silicon is typically around 12 weight %, and in a hypereutectic alloy the silicon content is 
greater than 12 weight %. The addition of silicon in aluminum is what aids the alloy in 
improving its castability. The silicon helps to improve the fluidity of the metal which 
increases its ability to ability to easily fill dies and to solidify castings with no hot tearing 
or hot cracking issues. The greater the amount of silicon an alloy contains the lower the 
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thermal expansion coefficient is, which helps minimize any shrinkage during solidification. 
Silicon is also very hard which helps to improve the aluminum-silicon alloys hardness and 
wear resistance. Silicon can also be combined with other alloying elements to improve the 
alloy’s strength [50, 52]. By increasing the silicon content from 7 wt% to 12 wt%, the yield 
strength and the ultimate tensile strength (UTS) are increased by 22 and 25 MPa at 250oC, 
respectively [50]. 
The silicon content in the cast aluminum-silicon alloys is what influences the tensile 
properties of the alloy at both ambient (room) and elevated temperatures. This increase in 
strength can be contributed to the transfer of the load to the unyielding and extremely 
interconnected silicon plates from the α-Al matrix [50]. The strength and load carry 
capacity of the eutectic silicon can be reduced through spheroidization (see Fig. 2-8), this 
helps to improve the machinability, ductility, and fatigue strength of the alloy [50]. During 
this process the temperature of the cast AlSi alloy is brought up to just under the eutectic 
temperature and allowed to cool slowly. This results in a loss of the interconnectivity of 
the eutectic phases. The rate that the interconnectivity is lost at depends on the temperature 
and the time it is exposed to these temperatures.  
 
Figure 2-8: Schematic of Si spheroidization in cast Al-Si alloys [53] 
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This study was done with cast aluminum alloy Al-10%Si which is a hypo-eutectic alloy 
(see Al-Si phase diagram in Fig. 2-10). The main alloying element is silicon with a 
secondary alloying element of magnesium. Table 2-10 shows the nominal composition 
(wt%) of the Al-10%Si alloy. In addition to improving the castablity and hardness with the 
addition of silicon, the secondary alloy, magnesium, also improves the strength, 
weldability, castability, and corrosion resistance. Al-10%Si is very strong which makes it 
an excellent alloy for support functions. Table 2-11 shows the mechanical properties of Al-
10%Si.  
The addition of magnesium to the Al-Si alloy helps to increase the tensile strength at higher 
temperatures (up to 200 oC), increases creep resistance, and decreases the rate of strength 
loss at higher temperatures. This increase in strength is from precipitation of the secondary 
phase β-Mg2Si [52].  
Table 2-10: Nominal composition (wt%) of the Al-10%Si alloy [54] 
Al Si Fe Cu Mn Mg Ni Zn Others 
BAL. 9-11 Max 0.55 Max 0.05 Max 0.45 0.2-.045 Max 0.05 Max 0.10 Max 0.25 
 
Table 2-11: Mechanical properties of the Al-10%Si Mg alloy [54] 
Tensile strength (MPa) Yield Strength (MPa) Elongation (%) Hardness (HBW) 
340 +/- 40 250 +/- 15 1.5 +/- 0.5 120 +/- 5 
 
Aluminum-silicon alloys are comprised of aluminum dendrites, α-Al phase structure, 
which are precipitated along the Al-Si eutectic phase. This is shown in figure 2-9. In 
hypereutectic Al-Si alloys (such as those with a Si concentration of less than 12wt%), the 
α-Al solidifies dendritically. The dendrites will often have four secondary arms which grow 
around the primary stem at each junction, this is true for all cubic structures [52].  
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The formation of the Al-Si eutectic mixture continues as the aluminum-silicon alloy further 
solidifies. Two phases of Al and Si precipitates at the same time from the liquid as eutectic 
solidification occurs at a constant temperature [52]. Figure 2-10 is a schematic of a phase 
diagram for Al-Si alloys. The eutectic point of Al-Si is at 12.6 wt% with a temperature of 
577 °C. The silicon is soluble in aluminum up to 1.6 wt% while aluminum in silicon is 
almost zero [52, 55]. Most commercially used aluminum-silicon alloys also contain 
additional alloying elements such as Copper (Cu) or Magnesium (Mg). These eutectics 
may be more complex then when simply looking at the aluminum-silicon systems [52]. 
 
Figure 2-9: Solidification structure of hypoeutectic Al-Si alloy 
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Figure 2-10: Aluminum-silicon phase diagram [56]. Alloys with less than 12% Si are 
referred to as hypoeutectic, those with close to 12% Si as eutectic, and those with over 12% 
Si as hypereutectic [57]  
2.2.5 Applications 
Aluminum alloys are second behind steel as the most common metal used in structural 
applications. There are many uses for aluminum in aerospace and automotive industries.  
Aerospace Industry 
For aircrafts to perform they must be reliable, this involves the material they are made from 
must work consistently. Aircraft performances have advanced so rapidly that the material 
must meet these structural requirements. Aluminum alloys have met these strength 
requirements and then some. The main properties of aluminum alloys which make it idea 
for aircraft construction include [42]:  
• light weight as compared to steel components with equal strength 
• good corrosion resistance 
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• easy to fabricate 
• aesthetically pleasing 
Aluminum alloys have been used for structural components in aircrafts since the 1930’s as 
the material of choice. Though polymer matrix components are being used in some aircraft 
components, aluminum alloys are the main choice for the fuselage, wings, and support 
structures in commercial aircrafts, military cargo and transportation. The main reasons for 
the use of aluminum alloys in aircrafts is because of the known costs associated with their 
fabrication (low costs), the historical design experience and manufacturing methods, as 
well as the excellent mechanical characteristics. All these qualities guarantee the continual 
use of aluminum alloys in substantial qualities well into the future. On top of these, there 
are continuing to be major advances in aluminum aircrafts that keep the aluminum alloys 
competitive with other materials [58].   
Automotive Industry 
The increasing concern for air pollution put a large demand on the automotive industry to 
reduce the weight of their vehicles. Aluminum alloys’ properties (high stiffness to weight 
ratio, formability, corrosion resistance, and recycling potential) make it an excellent 
candidate to replace the heavier materials used in the automotive industry to aid in the 
reduction of energy consumption and air pollution. Steel has been dominant in the 
automotive industry since the 1920’s [59] but the concerns about global warming has 
triggered the industry to reevaluate the materials being used to improve their fuel economy. 
A decrease of 10% in the weight is equivalent to approximately 5.5% reduction in fuel 
economy [59].  
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Recent applications of aluminum alloys, and Al-Si cast alloys, in the automotive industry 
include vehicle power trains, chassis, body structures, and air conditioning [60]. Engine 
blocks are being switched from cast iron to aluminum [59, 61]. Engine blocks are subject 
to high mechanical and thermal cyclic stresses. It is imperative that these parts have high 
fatigue strength and wear resistance. The cycle stresses can cause microcracks to initiate at 
stress concentration points and will cause premature failure [61]. In powertrains, aluminum 
alloy castings are being used for 100% of the pistons, 75% of cylinder heads, and 85% of 
intake manifolds and transmissions [59]. Cast aluminum alloys are being used for wheels, 
where the loading conditions are higher requiring better mechanical properties. There have 
also been extensive studies to use aluminum alloys for the vehicle bodies. The use of 
aluminum also allows for high recycling rates in cars with little energy consumption (only 
5% of the original energy consumption is required) [60]. Figure 2-11 shows a number of 
products produced from aluminum for the automotive industry.  
 
Figure 2-11: Aluminum products for automotive applications [60] 
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These aluminum applications are mostly being used for high class vehicles. They are 
currently being used in, Austin Martin Vanquish, BMW Z8 Roadster, Audi A8, and the 
Jaguar XJ [60] to name a few. Aluminum is being used to produce state of the art Body in 
White (BIW), shown in figure 2-12. BIW is the heaviest part of conventional steel cars 
with up to 30% of the weight and has the largest weight saving potential by using aluminum 
in place of steel [60]. Aluminum is being used in applications such as vehicle structures, 
doors, closures, and outer panels [60]. Cast aluminum components are being implemented 
in engine blocks, cylinder heads, wheels and special chassis parts. They are also being used 
in frames, axial parts and structural components. High integrity casting allows for complex 
parts and ensured optimal mechanical properties and enhances functional integration [60]. 
Figure 2-13 is an image of an Audi Al2 body structure made of all aluminum alloys.  
 
 
Figure 2-12: State of the art BIW design [60] 
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Figure 2-13: Audi AL2 with an all-aluminum body structure [59] 
 
Military 
Because of the high ballistic performance and static strength of high strength aluminum 
alloys, they are being used for armor purposes. The UK has been using aluminum alloys 
on their armor since the 1970’s. The US is using aluminum alloys as the main structural 
alloy for their Advanced Amphibious Assault Vehicles (AAAVs). AAAVs are armored 
personal carriers that are currently under development of the US Marine Corps. The 
aluminum alloys structure carries more than 18 fully outfitted marines at highspeed 
across land and sea [21, 62].  
 
2.3 Microstructural Influences on Mechanical Properties 
The mechanical properties of magnesium and aluminum alloys are affected by their 
microstructure. There are three main microstructural features which greatly impact the 
mechanical properties of these alloys; these features include the grain size, dendrite arm 
spacing, and porosity (size and distribution). 
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2.3.1 Microstructure of Mg Alloy AM60 and Al Alloy Al-10%Si 
AM60 Mg alloy is a cast magnesium alloy with aluminum (Al) as the main alloying 
element (6 wt% Al). Aluminum improves the tensile strength, hardness, and enhances the 
castability of the alloy. The microstructure of AM60 Mg alloy consists of course grains of 
alpha magnesium (α-Mg), and an intermetallic beta phase (β-phase) distributed through the 
grain boundaries (see Fig 2-12). The β-phase consists of Mg17Al12 and is formed due to 
the fast cooling conditions, which are typical of the casting process. Non-equilibrium 
solidification occurs and the intermetallic β-phase, which possesses a higher Al 
concentration than the α-Mg phase, forms and is distributed along the grain boundaries. 
The hard and brittle nature of the β-phase leads to decreased ductility but improved strength 
of the cast Mg alloy [63]. The magnesium AM60 cast alloy, with greater toughness and 
ductility than AZ91 and slightly lower strength, is largely used in several components, such 
as brackets, seat frames, instrument panels, and steering wheels for the automotive 
structural applications  [64, 65, 66]. Moreover, AM series show excellent damping 
properties for external impact and vibration applications [4, 63, 67, 68]. 
 
Figure 2-14: Microstructure of the AM60 Mg alloy  
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Cast aluminum-silicon alloy Al-10%Si is a hypoeutectic Al-Si alloy. The microstructure is 
made up of a primary phase (α-Al) dendrites and eutectic mixture of Al-Si [69]. The 
percentage of Si in the alloy dictates the microstructural eutectic mixture. The eutectic 
mixture comprises a soft Al matrix containing Si particles. The shape of the Si particles are 
plate-like and they can be changed with different treatments. Secondary alloying elements 
such as Cu, Mg and Fe in the Al-Si alloys form different intermetallic compounds in the 
alloy’s microstructure. The most common intermetallic compounds in the Al-Si alloys are 
Al2Cu, Mg2Si, α-Al12(Fe,Mn)3Si2 and β-Al5FeSi [52]. Aluminum-silicon alloys can be 
divided into three separate categories based on their Si weight percentages. These 
categories are hypoeutectic (< 12.6 wt % Si), eutectic (= 12.6 wt % Si), and hypereutectic 
(> 12.6 wt % Si) (figure 2-X) [57].  
The microstructure of eutectic as-cast Al-12%Si is show in figure 2-14. The eutectic alloy 
contains eutectic Si particles which have a fibrous morphology in the shape of needle like 
plates, an α-Al phase, and some coarse primary Si particles which are formed because of 
non-equilibrium cooling and a slight variation in the eutectic composition. The eutectic Si 
particles are spread through the α-Al matrix. This microstructure is characteristic of as-cast 
eutectic Al-Si alloy [70]. 
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Figure 2-15: Al-Si phase diagram showing the hypoeutectic and hypereutectic Si-Al alloys 
[56] 
 
Figure 2-16: Eutectic as cast Al-Si alloy [70]. 
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2.3.2 Effects of Grain Size 
The mechanical properties (i.e. yield stress, and hardness) of alloys are largely dependent 
on the average grain size, d. The relationship between the grain size and the yield strength 
is known as the Hall-Petch equation. This equation is:  
σ = σ0 + k(d)-1/2 
 
Eq. 2-1 
This equation specifies that the strength of the material is equal to the intercept/frictional 
stress (σ0) plus a factor (k, slope) time the inverse of the square root of the grain size (d). 
The intercept stress (σ0) and the Hall-Patch slope (k) are known as the Hall-Patch 
parameters. This equation indicated that by decreasing the grain since the strength of the 
material will increase and by increasing the grain size the strength of the material will 
decrease [15].  
Figure 2-15 shows the variation of yield strength with respect to the inverse square of grain 
size for austenite grain steel.  
 
Figure 2-17: The influence of grain size on yield stress [71] 
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One common explanation to the Hall-Petch relationship is the dislocation pile-up model. 
This can be attributed to the dislocation pile-up against the grain boundaries. The more 
grains (smaller grain sizes) there are more grain boundaries which resist the dislocation 
motion leading to a higher yield stress. Both Al-Si and Mg-Al alloys have a limited number 
of active slip systems, which causes the average grain size to greatly affect the elongation 
to fracture [15].  
2.3.3 Effects of Dendrite Arm Spacing 
The dendrite arm spacing (DAS) influences the mechanical properties of metals and alloys 
as grain size does. There have been a few research papers on the relationship between the 
dendrite arm spacing and how it effects the alloys, mostly aluminum alloys, mechanical 
properties [72, 73, 74]. Ceschini et al. [74] investigated the mechanical properties at 
various dendrite arm spacing at ambient and elevated temperatures of cast Al-8%Si. In 
their examination, it was observed that the coarser dendrite arm spacing resulted in 
reduction in mechanical properties while the finer dendrite arm spacing led to improve 
mechanical propertied such as tensile strength. 
Lee and Shin [73] studied the effects of the dendrite arm spacing (DAS) on the tensile 
properties and fracture behavior of as-cast AZ91 Mg-Al alloy. They found that the dendrite 
arm spacing, and the grain size possessed a Hall-Patch relationship with the yield strength 
but a parabolic relationship with the elongation (Fig 2-16). Below are the relationships 
found between the grain size and DAS with the yield strength [73]. 
σgrain size = 74.9 + 317.7× [Grain Size]-1/2  Eq. 2-2 
σDAS = 62.6 + 305.5× [DAS]-1    Eq. 2.3 
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a. 
 
b. 
 
  c. 
Figure 2-18: Dendrite arm spacing as it related to the a) Yield strength, b) ultimate tensile 
strength, and c) elongation [66] 
2.3.4 Effects of Porosity 
Defects in different alloys, such as porosity and voids, possess a substantial effect on the 
mechanical properties (tensile strength, fracture behavior, etc.) of the material. The pores 
and voids result in a much higher concentration of stress around them then throughout the 
rest of the material. This concentration of stress acts as a crack initiation point and leads to 
premature failure. The size and distribution of the defects determines in the fracture 
toughness of the alloy [75]. Both cast magnesium alloys and cast aluminum alloy have 
these porosity defects.  
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There have been several studies performed to understand the effects of porosity on the 
tensile and fatigue strength, and ductility of these alloys. Francis and Cantin [76] studied 
the effect of structural defects on the tensile failure and elongation to fracture of cast Al-
7Si-Mg alloys. Surappa et al. [77] studied the effects of macro-porosity on the strength and 
ductility of cast Al-7%Si-0.3%Mg alloy. They reported that the strength and ductility of 
the alloy depend on the size of the macro-pores as opposed to the volume fraction of the 
porosity. Biswas et al. [78] studied the relationship between the porosity and β-precipitates 
(Mg17Al12) and the mechanical properties of HPDC AZ91 Mg alloy. They were able to 
correlate the elongation to fracture and the fracture stress to the porosity volume fracture.     
Hu et al. explained that the mechanical properties of magnesium alloy AM50 were 
dependent on the porosity with in the material, and the thicker materials had more porosity 
and hence lower strengths than the thinner alloys with fewer pores [79]. Lee [26] 
investigated the effects that the micropososity and grain size affected the tensile properties 
of HPDC magnesium alloy AM60. He concluded that the changes in microporosity content 
significantly change the ultimate tensile strength (UTS) and the elongation. Figure 2-17 
shows the relationship between the microporosity and the UTS and elongation for different 
grain sizes.  
 
Figure 2-19: Dependence of UTS (a) and elongation (b) on the variation of microporosity 
for each nominal grain size [26] 
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2.3.5 FSW Microstructure 
The high temperature and powerful plastic deformation contribute to the recrystallization 
and development of the grains in the stirred zone as well as changes in the microstructure 
around the stirred zone of FSW joints [21]. The microstructure of FSW joints can be broken 
down into distinct zones. These microstructural zones of FSWing are: the stirred zone (SZ), 
thermomechanically affected zone (TMAZ), and the heat-affected zone (HAZ). These 
distinct zones are schematically shown in figure 2-20 [80]. The different microstructural 
changes within the weld have a substantial effect on the mechanical properties of the post 
welded material [21]. The SZ is subjected to frictional heating and plastic deformation. 
This leads to recrystallized equiaxed, fine grains with in this zone. The border between the 
SZ and the TMAZ is relatively diffused on the retreating side of the weld but much sharper 
and more defined on the advancing side. There are many factors that affect the shape (figure 
2-21) and grain formation in the SZ including, processing parameters, tool geometry, 
material (thermal conductivity) [21]. 
TMAZ is a unique transition zone between the SZ and the HAZ. The TMAZ is subjected 
to high temperatures and plastic deformation during FSW [21]. However, the TMAZ does 
not undergo recrystallization because of a lack of deformation strain. The TMAZ is 
characterized by highly deformed grain structure where the grains are stretched in an 
upward flowing pattern around the SZ [21]. A typical grain structure of the TMAZ is shown 
in figure 2-22. Just past the TMAZ is the HAZ. The HAZ does not experience plastic 
deformation but does go through a heat cycle. This causes the HAZ to keep the same grain 
structure as the parent metal but there is an effect on the precipitate structure which can 
cause weakening in this zone [21]. 
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Figure 2-20: (a) A schematic of the friction stir welding (FSW) process, and (b) the main 
microstructural zones associated with the typical FSW joint [80] 
 
Figure 2-21: Effects of processing parameters on SZ shape a) basin-shaped SZ, b) 
elliptical SZ [21] 
 
Figure 2-22: TMAZ microstructure of stainless steel [81] 
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2.4 Friction Stir Welding 
2.4.1 Introduction to Friction Stir Welding 
Friction Stir Welding (FSW) is considered a solid state joining process because the heat 
generated by the process does not reach the melting temperature of the materials being 
joined. FSW has been around for more than 25 years, it was developed in 1991 at The 
Welding Institute (TWI) in the UK [21]. FSW allows for the joining of materials that, by 
traditional welding technologies, are considered to be non-weldable, these are materials 
that traditional welding would have poor solidification microstructure, porosity in the 
fusion zone, and a significant loss of mechanical properties as compared to the base 
materials (i.e. dissimilar material, Mg alloys, some aluminum alloys, copper, titanium etc.) 
[82]. In the FSW process (see Fig. 2-23), a non-consumable cylindrical tool with a shoulder 
and pin is used as a stirrer. The tool is fixed to a milling machine chuck and is rotated along 
the longitudinal axis (figure 2-24 shows the modified milling machine used in this study). 
The work pieces to be welded can be butted up or overlapped to one another and are then 
clamped to stay stationary and withstand the large applied forces (Fig. 2-25 shows the 
clamping system used in this study). The clamping prevents the workpiece from spreading. 
The rotating tool pin is then inserted into the work piece at the joint, and the shoulder is 
forced into contact with the work piece surface. The contact between the workpiece surface 
and the tool shoulder causes friction heating of the material being joined. The tool is then 
moved transversely along the joint. As the tool rotates and moves along the joint, the 
combination of the friction heating and the pin stirring causes the material is softened and 
stirred together forming a weld. This is done all while keeping the temperature below the 
melting point of the base materials [21] [83]. Once the tool reaches the end of the joint the 
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tool is retracted out of the work piece. Four steps of the FSW have been shown in Fig. 2-
26. 
 
Figure 2-23: Schematic of the FSW [84] 
 
Figure 2-24: Modified milling machine 
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Figure 2-25: Clamping system 
 a) 
 
b) 
 
c)  
 
d)  
 
 
Figure 2-26: Four steps of the FSW including a) initial set up, b) tool plunging, c) 
traverse, d) tool withdrawal. 
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Generated heat and mechanical work results different welding zone in FSW (see Fig. 2-
27). These zones are as follows [21]: 
• Parent metal (PM): where material not deformed, also may be subjected to thermal 
cycles but there is no microstructural or mechanical change.  
• Heat affected zone (HAZ): in this zone the metal goes through a thermal cycle 
which changes the microstructure and mechanical properties but it does not go 
through any plastic deformation or dynamic recrystallization and keeps the same 
grain structure as the parent metal.  
• Thermo-mechanical affected zone (TMAZ): this zone is subjected to a thermal 
cycle and plastic deformation, this causes the microstructure to be highly deformed. 
The grains from the parent metal are deformed and stretched in an upward flowing 
design around the stirred zone. Because there is not enough plastic strain there is 
no dynamic recrystallization, only plastic deformation.  
• Stir zone (SZ): dynamic recrystallization has completely occurred. Fine grain size 
is seen because of severe deformation at high temperature. These fine grain sizes 
lead to increased strength and hardness of the welded metal. 
 
Figure 2-27: Various zones generated in the FSW process [85] 
The material flow and movement in the FSW can be quite complex (see Fig. 2-28). The 
material around the tool is heated, this is accomplished by two methods, friction heating 
between the tool and the workpiece (mostly the shoulder), and the plastic deformation of 
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movement of the workpiece material (a.k.a. stirring). The localized heating softens the 
material around the tool. The rotation of the tool and the translation along the length of the 
joint causes the movement of the material from the front to the back of the pin [21]. There 
have been several studies done on the flow of the material using markers and etching, the 
tool design has a large influence on the material flow [21].  
 
Figure 2-28: Material Flow during FSW [86] 
FSW is a multifaceted physical process that involves many inter-related variables which 
can directly or indirectly affect the weld quality and the performance (see table 2-12). 
These variables, in the FSW process, are classified as tool related, joint design related, and 
machine (welding) related parameters as well as a few others, which do not fall into any of 
these categories. Tool related parameters include the tool geometry and material type of 
the tool. Joint design includes the joint type which can be a butt, lap, or fillet joint. Machine 
parameters include tool rotation speed (ω, rpm), transverse speed (V, mm/min), axial force 
(insertion depth), tool tilt (angle of the spindle), and the offset from the center of the joint. 
Other factors that could influence the weld quality include the initial temperature of the 
material (pre-heat or cooling), as well as the cooling rate.  
As mentioned previously the FSW tool serves two purposes, to heat the work piece and to 
move the material. The geometry of the tool influences the heat generation, the plastic flow, 
and the uniformity of the weld joint. The shoulder generates the heat through friction and 
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prevents the plasticized material from escaping the work piece. It is important for the tool 
to be wear resistant, have high fracture toughness, and machinable. The important factor 
of the shoulder design on the surface and whether it is flat, concave or convex and the 
diameter of the shoulder. A concave surface creates medium amounts of flash and some 
defects where a convex surface creates a minimum amount of flash and no defects. The 
critical role the pin plays in FSW is in the material flow and in turn the welding speeds. 
The probe length, probe shape (tapered, cylindrical, square, triangular, tri sided, threaded) 
[21]. 
Table 2-12: FSW Process Parameters [21] 
Rotational speed (RPM) 
Welding (traverse) speed (mm/min) 
Pin length (mm) 
Tool shoulder diameter (mm) 
Axial force (kN) 
Tilt Angle 
Pin diameter (mm) 
Shoulder diameter (mm) 
D/d Ratio of Tool 
Tool materials 
Tool profile 
 
A summary of the advantages of FSW is outlined below [87, 21]:  
• FSW joint stronger than base metal 
• Green technology 
• Low heat 
• Energy efficient 
• No distortion  
• No shielding gas required 
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• No wasted materials 
• Reduces weight of part leading to reduction of vehicle (decrease in fuel 
consumption) 
• No cracking of joints 
• No surface preparation required before FSW 
• Good dimensional stability and repeatability 
• Eliminate post processing grinding and waste created 
• Replace multiple parts joined with fasteners 
With advantages there come limitations [21]:   
• Formation of exit hole caused by the pin being retracted at the end of the weld 
• Large forces required to make the FSW, need strong clamping system (fig. 2-25) 
• Can be slower than traditional welding 
• Limited flexibility on the joint type that can be welded 
• Harder materials cause excessive tool wear on the FSW tool, can be expensive to 
replace 
There are several applications where FSW is current being applied. Below is a list of some 
of the industries and applications, this list is representative (not exhaustive), and new 
applications are constantly appearing [88, 69, 22, 26, 89, 62, 21, 90, 91].  
• Aerospace (Fig. 2-29) 
o wings, fuselages, floor panels, aircraft landing gear doors, fuel tanks 
o SpaceX Falcon 1 and Falcon 9 rockets 
o NASA Space Shuttle external tanks  
• Automotive (Fig. 2-30) 
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o trailer beds, door panels (Fig 30), center console (smooth design) 
• Military 
o joining Armor Aluminum Alloys, such as those in AAAVs (advanced 
amphibious armored vehicles) 
• Railway 
o Roof and side panels, bodies 
• Shipbuilding (Fig 2-31) and Offshore 
o panels for decks, sides, bulkheads, floors, hulls, superstructures, heli pads, 
offshore accommodations, masts, booms 
• Computers 
o iMac in 2012 joining the front and back panels 
• Construction 
o Aluminum bridges, window frames, Al pipeline and heat exchangers, Oil 
and Gas pipeline 
 
Figure 2-29: FSW used in aerospace industry [91] 
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Figure 2-30: FSW used in automotive industry [91] 
 
Figure 2-31: FSW used in shipbuilding [91] 
2.4.2 Friction Stir Welding of Cast Magnesium Alloys and AM60 
Cavaliere and Marco [92] studied microstructure and high-temperature mechanical (175–
300°C) properties of friction stir processed high pressure die cast AM60B magnesium alloy 
sheets (thickness of 2.5 mm). They used a steel tool with threaded pin (shoulder diameter 
of 20 mm) with a rotational speed of 700 RPM and a travelling speed of 2.5 mm/s. They 
recorded exceptional ductility in the friction stir processed samples and attributed this to 
the fine grain structure of the stir zone that is created due to the recrystallization 
phenomenon induced by that severe plastic deformation during the FSW process. In a 
separate study, Li et al [35] studied the FSW of magnesium AM60 sheets (thickness of 6 
mm) by employing tool rotational speed of 375 and 450 rpm and tool traverse speed of 
152.4 mm/min. They reported enhanced ductility in the stir welded samples compared with 
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the non-processed materials and attributed this to the grain refinement of the processed 
materials. Esparza et al [22] assessed the microstructure-property correlations in the 
FSWed Thixomolded AM60 Mg alloy. They observed a homogeneous, recrystallized 
(refined), and equiaxed grains in the microstructure of the welded zone with average grain 
size of 10–15 μm as compared with ∼45 μm average size of the as-received material. 
Iwaszko et al [93] performed friction stir processing on AM60 Mg alloy using three 
different tool rotational speeds, 3500, 4000, and 4500 rpm, with a constant feed rate of 16 
mm/s to refine and homogenize the microstructure of the cast Mg alloy. They reported 
increase in microhardness and wear resistance of the processed AM60 material compared 
with the non-processed alloy and attributed the changes to the microstructural evolutions. 
2.4.3 Friction Stir Welding of Aluminum-Silicon Alloys and Al-10%Si 
Aktarer et al [70] studied the microstructural, mechanical, and tribological properties of 
friction stir processed eutectic as-cast Al-12Si alloy. They used a threaded steel tool 
(shoulder diameter 16 mm) and a constant rotating speed of 1250 rpm with a travel speed 
of 65 mm/min. They found that the ductility and strength of the alloy was significantly 
improved with the FSP, this was attributed to the microstructural changes of the Si 
particles. In a separate study, Jana et al [94] looked at the effects friction stir processing 
has on the fatigue life of cast Al-7Si alloy. They found that FSP enhanced the mechanical 
properties of the alloy, improving the fatigue life of the hypoeutectic alloy by five times 
that of the base material. They found this improvement was due to the elimination of the 
porosity (cause by casting) which in turn eliminated the notch effect. Sharma et al [95] 
evaluated the mechanical and microstructural characteristics of friction stir welded Al-Si-
My alloys. They used a tapered steel tool with a pin diameter 15.6 mm and welding speed 
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ranging from 19 mm/min to 190 mm/min and a tool rotational speed of 635 rpm. This study 
determined that the welding speed has a large effect on the microstructure and tensile 
properties of the FSW joints and that by selecting the parameters carefully any voids can 
be eliminated, and mechanical properties improved. Weglowski [69] performed friction 
stir processing on hypoeutectic cast Al-9Si alloys. He studied the microstructure and 
hardness of the friction stir processed material. Weglowski concluded that the 
microstructure of the FSP A1-9Si was significantly refined through fragmentation of the 
non-deforming, initially large Si particles, the Si, Fe, and Mg particles were more evenly 
distributed through the stir zone than the parent material and the porosity in the cast 
material was eliminated in the stirred area. He also determined that the hardness was lower 
in the stirred zone than in the base material and higher in the thermomechanically effected 
zone. 
2.4.4 Fatigue in Friction Stir Welding  
Fatigue life is critical for many applications including support structures in aerospace, 
automotive, platforms, and bridges in construction. Fatigue failure can be credited for the 
majority of structures that fail during service. According to the American Society for 
Testing and Materials (ASTM) fatigue is the process of progressive changes of the 
materials properties during repeated application of stresses or strains, which leads to crack 
formation or failure [96]. The repeated cycles stress on the materials cases the damage, the 
fatigue is also accumulated through the material life which means that the fatigue failure 
can occur at stresses that are still within the elastic region of the materials, this can lead to 
catastrophic failure with no warning that it is happening. Table 2-13 below outlines the 
factors that can influence the fatigue life of a material. 
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Table 2-13: factors that affect the fatigue life of a material [87] 
Factor In what way 
Loading conditions 
The stress state of the material, such as the 
stress amplitude and mean stress. 
Surface Quality and Geometry 
Notches and/or variations in the surface 
roughness along the sample leads to stress 
concentrators, where crack initiation can 
occur during loading. 
Material History 
Fatigue life changes with different 
materials, it is dependent on the history 
and nature of the materials. Heat 
treatments along with materials that have 
internal defects or residual stresses will 
change the fatigue life. 
Environment 
Temperature and corrosive environment 
surrounding the material will cause a 
change in the fatigue life 
 
Fatigue testing can be performed by stress controlled or strain-controlled tests. The earliest 
methods of fatigue testing were performed using stress-controlled testing [97]. In stress-
controlled testing a cyclic stress is applied to the test coupon until the sample fails. Failure 
can happen at any number of cycles and is dependent on the magnitude of the stress applied. 
Fatigue testing is done with either low-cycle fatigue testing or high-cycle fatigue testing. 
In low-cycle fatigue testing the stress applied to the sample is greater than the yield strength 
of the material which means that every stress cycle the material goes through plastic 
deformation, the plastic deformation accumulated and the material fractures a low number 
of cycles (< 104 cycles).  Conversely, with high-cycle fatigue testing, the stress is below 
the yield strength of the material (in the elastic region) and the number of cycles before 
failure is much higher (>104 cycles) [87]. With stress-controlled loading, the fatigue 
endurance limit of the material is primarily influenced by the material’s strength [10].  
Fatigue was first systematically analyzed by August Wohler [83]. Wohler was working on 
analyzing the failure of railway axles. Fatigue tests plotted are known as S-N diagrams or 
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Wohler curves, they are plotted with the stress applied (σa) versus the number of cycles to 
failure (Nf), with a logarithmic scale being used for the number of cycles to failure. 
Typically, for an S-N curve there are between 6 – 12 samples tested at varying stress 
amplitudes, the number of cycles to failure is recorded [83]. Microscopic changed in the 
material can cause the fatigue behavior of different samples to vary greatly (even if tested 
at the same stress level), this can lead to a considerable amount of scattering with the 
fatigue data. The S-N curve provides the fatigue or endurance limit. This is the stress 
amplitude where the material can be subjected to an infinite number of cycles without 
failure. Since it is not possible to test to an infinite number of cycles, the stress amplitude 
which the material can reach 107 cycles is considered the fatigue limit.  
Because there is a wide range of engineering applications for the FSW, it is imperative to 
understand the fatigue characteristics of the FSW process. There have been several studies 
on fatigue in FSW, these studies came up with several conclusions. It was observed that 
the fatigue strength of FSW joint (107 cycles) was lower than that of the base metal but the 
FSW welds had a higher fatigue strength than that of a wire feed and laser welded joint. 
As well studies done comparing the transverse fatigue strength to the longitudinal fatigue 
strength showed that the FSW transverse specimen had a lower fatigue strength than the 
longitudinal specimen. The surface quality of the FSW greatly effects the fatigue life of the 
joint. This is because the FSW welds have stress concentration which act as fatigue crack 
initiation points. A study by Hori et al showed that as the tool transverse speed/rotational 
speed (ν/ω) ratio increased the fatigue life decreased. This is because as the ν/ω ratio 
increases it caused an increase in non-welded grooves on the root side of the weld which 
form stress concentration points and lead to crack initiation points. Once these grooves are 
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removed (through sanding and polishing) the fatigue strength is no longer affected by the 
changing ratio. As well removing 0.5 mm from both the top of bottom of the FSW weld 
there is not difference between the longitudinal and transverse fatigue strength, these 
observations reveal that the fatigue life is limited by the surface defects and once they have 
been removed there is no significant defects, voids, or flaws with in successful FSW welds 
[21]. Fatigue life is also dependent on the microstructure of the material including the grain 
size, second phase particles, and its precipitates [98, 99]. Current research shows that in 
the FSW, fatigue strength is complicated and there have been no constant trends reported 
in literature up to this point [87, 100].  
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CHAPTER III 
3 EXPERIMENTAL TECHNIQUES 
3.1 Friction Stir Welding Sample Preparation 
The materials used in this study were AM60 magnesium alloy and Al-10%Si aluminum 
alloy. These materials were FSWed together in AM60-AM60 and Al-10%Si-Al-10%Si 
butt welds. The chemical composition of these metals is outlined in Tables 2-4 and 2-10. 
The AM60 material was received as 4 mm thick plates which were produced by cold-
chamber high pressure die cast (HPDC) technique. Figure 2-1 schematically shows the 
HPDC method in which the molten metal is injected at high speed and high pressure into 
the mold. The Al-10%Si material was received as 4 mm thick plate which was produced 
by a die casting method as well.  
Prior to the FSW process of the plates, the materials (AM60 and Al-10%Si) were cleaned 
with ethanol and then dried. The FSW samples were then prepared by butt welding two 
similar sheet of material (either high pressure die-cast AM60 to AM60 or Al-10%Si to Al-
10%Si) using a modified milling machine (Fig 2-20) and a proper clamping system (Fig 2-
21).  
The FSW tool used for both the AM60 and Al-10%Si welds was a three flat sided and 
tapered tool with a shoulder diameter of 15 mm and a pin length of 4 mm, made up of H13 
tool steel with a slightly concave non-patterned shoulder (Fig. 3-1). Two similar tools were 
used, one specifically for the AM60 joints and the other specifically for the Al-10%Si 
joints.  
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a b 
Figure 3-1: The FSW tool, made from H13 tool steel, used in this study, a) isometric 
view, b) side view 
To assess the effects of the FSW parameters for both the AM60 and the Al-10%Si butt 
joints, the welds were performed at several different tool rotational speeds and traverse 
speeds. Table 3-1 provides parameters used in this study for the AM60 butt weld joints and 
table 3-2 provides the parameters used in this study for Al-10%Si butt weld joints.  
For each of these parameters, microstructural assessments, hardness measurements, fatigue 
tests, and fracture surface analysis were performed as described in this section. Figure 3-2 
shows an image of a successful friction stir weld in the study.   
Upon completion of the FSW tests, various samples were prepared for metallographic, 
hardness, and fatigue experiments. 
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Table 3-1: The FSW parameters, rotational and transverse speeds of AM60 
Rotational speed (rpm) Traverse speed (mm/min) 
635 48 
635 114 
635 220 
635 420 
1200 48 
1200 60 
1200 114 
1200 220 
1200 420 
1530 24 
1530 48 
1530 114 
1530 220 
1530 420 
 
Table 3-2: The FSW parameters, rotational and transverse speeds of Al-10%Si 
Rotational speed (rpm) Traverse speed (mm/min) 
635 114 
635 420 
1200 114 
1530 114 
1530 220 
1530 420 
 
 
Figure 3-2: An example of a successful FSW joint produced in this study (1200 RPM, and 
420 mm/min). 
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Sample Geometry 
To conduct the fatigue experiments, the welded materials were machined into dog-bone 
fatigue coupons with an orientation shown in Fig. 3-3. The dimensions of the fatigue 
coupons were used in accordance to the ASTM standard E466-15 [101]. The coupons were 
computer numeric controlled (CNC) machined from each weld, and for each of the 
parameters welded six to seven coupons were cut. The computer program AutoCAD was 
used to create the drawing, in accordance to ASTM standard E466-15, which the computer 
numeric controlled machine then used to cut the coupons. Figure 3-4 is an example of a 
coupon after it has been cut with the CNC machine. The full length of the test coupons is 
65.8 mm (2.5917 in) with a gauge length of 6.0 mm (0.2362 in). The width of the gage area 
was 6.0 mm (0.2350 in). The transition from the grip section to the gage is machined as a 
gentle curvature to avoid any sharp changes in thickness, this is done to avoid any stress 
concentrators that would affect the results.  
 
Figure 3-3: Shape and dimensions of the fatigue specimens in inches 
 
Figure 3-4: Fatigue Coupon 
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The Metallographic samples were cut from the welds for the microstructural studies. These 
samples were cut along the cross section of the weld and were trimmed to 2 cm in width. 
Figure 3-5 is an example of how the metallographic sample was cut from the FSW joint. 
Similarly, to the metallographic samples, a small cross-section of each welded sample was 
cut for hardness measurements.  
 
Figure 3-5: Schematic of how the metallographic samples were cut 
 
Figure 3-6: Cutting the sample for hardness testing 
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3.2 Metallographic Analysis 
3.2.1 Preparation of Surface Samples 
As mentioned previously the metallographic samples were cut from the welds for the 
microstructural studies. The samples were mechanically polished according to the standard 
procedures using a range of sand paper from 80 grit to 1200 grit, followed by alumina paste 
and diamond on a cloth polisher. Once the manual polishing was completed and automatic 
polisher was used for 4 min, 5 lb. force and a speed of 10 for AM60 magnesium alloy and 
10 min 5 lb. force and a speed of 10 for Al-10%Si aluminum alloy. All samples were 
polished until the surface was free of any scratches and had a mirror like finish (Fig. 3-7).  
 
Figure 3-7: Mounted metallographic and hardness sample 
3.2.2 Chemical etching 
Upon polishing, the AM60 magnesium samples were etched using an etchant of 4.2 g Picric 
Acid, 10 ml distilled water, 10 ml acetic acid and 70 ml ethanol with etching time between 
5 and 20 seconds. The Al-10%Si aluminum samples were etched using Keller's reagent (95 
mL water, 2.5 mL HNO3, 1.5 mL HCl, 1.0 mL HF). The polished Al-Si samples were 
immersed in the etchant for 35 seconds.  
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3.2.3 Optical Examination 
Once the metallographic samples were etched they were observed using metallurgical light 
optical microscopy (OM). This was done using an Advanced Metallurgical Microscope 
EQ-MM-500T. For each AM60 magnesium sample and Al-10%Si aluminum sample, 
optical images of the microstructure were taken across the cross-section of the friction stir 
welded joint at different magnifications. 
3.3 Hardness Testing 
The hardness samples were prepared similarly to the metallographic samples. A small 
cross-section was cut from each welded sample which was 2 cm wide. The samples were 
mounted using the epoxy resin and then mechanically polished in accordance to the 
standard procedures (mentioned in the previous section) and seen in the preparation of the 
surface samples section. Once the samples were free of any scratches and had a mirror 
finish they were ready for the hardness measurements. Using a Vickers hardness tester at 
300 g force and a dwell time of 15 seconds, the hardness numbers were recorded across 
the center line of the cross-section of the weld at successive intervals of 0.4 mm. Two other 
sets of hardness values were recorded above and below the centerline at an interval of 0.4 
mm.  
3.4 Fatigue Testing 
Once the fatigue coupons were cut using the CNC machine, they were then polished with 
sand paper to remove any surface artifacts (burrs) and get a smooth surface finish. This 
helps to create a surface free of any stress concentrations which could cause initiation 
points for the fractures. This was done to be able to study the fatigue properties of the weld 
as a function of the tool traverse speed and the rotational speed (the FSW parameters) 
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unaffected by the surface artifacts induced by the FSW process. Figure 3-8 shows an 
example of the surface artifacts that can influence the outcome of the fatigue properties.  
The fatigue tests were performed using a Bose ElectroForce 3510 with a 7.5kN load cell. 
The samples were all loaded the same into the fatigue machines with the advancing side 
upward. All fatigue tests were performed using a value of R = 0.1 (Fig. 3-8) and 50 Hz. 
The forces used were calculated as a percentage of the yield stress for a FSW joint of that 
material. The yield stress was taken from online resources and other studies using FSW 
AM60 [92, 5] and Al-10%Si [102, 103, 70] and was 230MPa and 230 MPa for both 
materials. Once the yield stress was known the average cross-sectional area of all six 
fatigue coupons from one FSWed sample was taken using a digital caliper. Equation 3-1 
was used to calculate the force required to be at 100% of the yield stress.  
𝐹𝐹 = 𝜎𝜎𝜎𝜎 Eq. 3-1 
From this value different percentages were taken for the force and the S-N curve was 
developed for each FSWed parameter of each type of material (AM60 and Al-10%Si). It 
was important to determine when the sample fails so the machine would stop running the 
fatigue test. It was programmed to stop if the displacement was greater than 1 mm; at this 
point the grips would not move and the cycles will no longer be counted. Tests were 
stopped upon reaching 107 cycles considering this as the fatigue endurance limit. 
The fatigue specimen was subjected to load-controlled, tension-tension sinusoidal stress 
profile. This profile implies that it uses a stress ratio on R=0.1.  
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Figure 3-8: Surface artifacts from FSW 635 RPM, 114 mm/min 
 
Figure 3-9: R=0.1 Stress profile schematic. 
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3.5 Fracture Surface Analysis 
Once the fracture had occurred on the fatigue samples, fracture surface analysis was 
performed using scanning electron microscopy (SEM model FEI FEG 650). The 
fractography evaluations were performed to further look at fracture surface features and to 
establish the correspondence between fatigue response and the fracture surface. The 
samples were mounted on a stub using double-sided carbon tape. EDXS (energy dispersion 
X-ray spectrometry) measurements of composition were also performed.  
  
 
  
63 
 
CHAPTER IV 
4 RESULTS AND DISCUSSION 
The purpose of this chapter is to present and discuss the experimental results of this 
study. The results of the experiments include microstructural characterization, hardness 
distribution, fatigue response and SEM fracture analysis. The chapter is broken up into 
two sections investigation the following as cast alloys:  
1: Magnesium Alloy AM60  
2: Aluminum Alloy Al-10%Si 
4.1 AM60 Mg Alloy 
4.1.1 Microstructure Analysis 
First a comparison of the microstructure of the non-processed (as-received) base alloy 
against the processed microstructures is performed to assess the microstructural evolutions. 
Figure 4-1 shows the microstructure, OM image and SEM micrograph, of the as-received 
high-pressure die cast (HPDC) AM60 alloy used in this study. Cast Mg alloys, including 
AM60, possess in-homogeneous microstructure including dendrites, second phases, 
intermetallic structures, and porosities at numerous length scales ranging from nanometers 
up to millimeters. The microstructure consists of α-Mg grains having an average grain size 
of 25 to 50 μm and a network-like eutectic β-Mg17Al12 phase and eutectic α along the grain 
boundaries. This is the expected microstructure for the alloy at ambient temperature based 
on the Al-Mg binary phase diagram presented in Fig. 4-3. 
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a.  
 
b.  
 
Figure 4-1: The optical micrographs of the microstructure of a) OM image, and b) SEM 
micrograph. The microstructure is characterized by α-solid solution of aluminum in 
magnesium (of limited solubility), α+β eutectic (where β is an Mg17Al12 intermetallic 
compound), Al8Mn5 intermetallic (dark spots), and twins (shown with arrows in OM 
image) 
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Figure 4-2: Al-Mg binary phase diagram [8]. The dashed line, schematically, shows the 
position of the AM60 alloy 
Upon the FSW operation, the microstructure of the AM60 magnesium alloy changes 
significantly due to the severe plastic deformation imposed by the rotating tool. In the 
welded structure, the presence of a clear stirred zone (SZ) with fine equiaxed grains and 
thermomechanically affected zone (TMAZ) with elongated and tilted grains were found. 
Figure 4-3 and 4-4 provide the SEM and OM microstructures of the base metal (BM), the 
TMAZ and the SZ for the purpose of comparison.  The SZ experiences intense plastic 
deformation at fairly high temperature due to the friction between the rotating non-
consumable tool and the Mg matrix; this results in dynamic recrystallization and grain 
refinement in the stir zone (dynamically recrystallized fine grain structure) [32, 104]. 
Depending on the tool rotational and traverse speeds, the intense plastic strain imposed by 
the FSW tool occurs in a short period of time which does not provide enough time for 
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dynamically recrystallized grains, in the SZ, to grow. This leads to significant grain 
refinement in the SZ.  
 
Figure 4-3: SEM micrograph showing of FSW 1200 RPM 420 mm/min stir zone (SZ), 
thermomechanically affected zone (TMAZ), and base metal (BM). 
Continuous dynamic recrystallization (CDRX) and geometric dynamic recrystallization 
(GDRX) are two controlling mechanisms that drive grain structure evolution in the SZ 
during the FSW process [105, 106, 107, 108]. According to literature, the CDRX would 
occur in the SZ if the imposed deformation and strain rate (tool rotational and tool travel 
speed) remain high [109, 110, 111]. Refined and equiaxed grains along with high fraction 
of high-angle boundary areas are the main features induced by the CDRX [112, 113]. 
GDRX is another continuous recrystallization process perceived in microstructure zones 
with large strains (i.e. SZ in the FSW). As a result of the above mechanisms, the gains in 
the SZ are refine and equiaxed compared with the unprocessed base metal (BM). 
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a 
 
b 
 
c 
 
d 
Figure 4-4: The optical micrographs of the microstructure of  a) as received AM60 alloy, 
b) TMAZ (1200 RPM, 220 mm/min), c) SZ (1200 RPM, 220 mm/min), and d) interface 
between the SZ and the TMAZ showing equiaxed and elongated grains beside each other 
(635 RPM, 48 mm/min). 
The temperature of SZ and the processing parameters (tool traverse and tool rotational 
speeds) can be correlated with the following relationship [114]: 
2
410m
T T K
α
ω
υ
 
=  × 
  Eq. 4-1 
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where Tm is the melting point, ω is tool rotational speed, v is tool travel speed, a and K are 
constants. By adjusting 
ω
υ
 ratio one can obtain the proper temperature distributions in the 
SZ for a safe and sound weld (i.e. zones I or IV for the FSW of Mg alloys Fig. 4-8). 
For Mg alloys, the constants are dependent on the processed materials, constants α and K 
vary between 0.04-0.06 and 0.65-0.85 respectively, and Tm= 638°C [32]. Through 
literature review and to the best of the author’s knowledge, the constants α and K for AM60 
Mg alloy have not been reported. Therefore, in table 4-1 the ration between the SZ and the 
melting temperatures are reported as a function of the constants α and K based on equation 
4-1. It is worth mentioning that recrystallization temperature of the Mg-Al alloys series is 
~0.5Tm [115]. Therefore, in almost all combinations of FSW parameters in the present 
study, dynamic recrystallization does happen. Also, heat input during the FSW process, 
QFSW, is directly related to rotational speed (RPM) and inversely related to travel speed 
(mm/min) [116, 117]: 
FSWQ ω∝     Eq. 4-2 
1
FSWQ v
∝  Eq. 4-3 
According to Eqs. 4-2 & 4-3, increasing the 
ω
υ
 ratio leads to an increase in the SZ 
temperature.  
Unlike the as-cast microstructure, the grains in the SZ, due to the intense plastic 
deformation induced by the FSW rotating tool, are much refined (Figs. 4-5b and 4-5e). It 
is worth mentioning that one of the main applications of friction stir welding and 
processing is to locally modify the brittle microstructure, i.e. breaking down the dendritic 
grains, of the cast materials which eventually produces less brittleness in the microstructure 
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and better isotropy response of the materials. By moving away from the SZ, the TMAZ 
shows up which is highly susceptible to plastic deformation as well, however, it does not 
experience the full dynamic recrystallization because of insufficient strain and temperature 
induced through the rotating tool. This zone is characteristic of elongated (stretched) grains 
in an upward flowing pattern around the SZ. Further away from TMAZ, the heat affected 
zone (HAZ) exists which just experiences some thermal cycles but not necessarily any 
plastic deformation. Therefore, the microstructures of HAZ and the BM remain quite 
similar (the grain size in the HAZ might be slightly larger than that of the BM, HAZ grain 
coarsening). 
Table 4-1: The FSW parameters, rotational and transverse speeds, and the SZ temperature 
according to Eq. 4-1 
Rotational speed (rpm) Traverse speed (mm/min) 
SZ
m
T
T
 
635 48 (0.84)K α  
635 114 (0.35)K α  
635 220 (0.18)K α  
1200 48 (3.00)K α  
1200 114 (1.26)K α  
1200 220 (0.65)K α  
1530 48 (4.88)K α  
1530 114 (2.05)K α  
1530 220 (1.06)K α  
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a.
 
b.
 
c.
 
d.
 
e. 
 
Figure 4-5: a) thermomechanically affected zone (TMAZ), b) stir zone (SZ), c) interface 
between the SZ and the TMAZ showing equiaxed and elongated grains beside each other, 
d) SEM micrograph showing the SZ, the TMAZ, and the base metal (BM), and e) higher 
magnification image of the SZ (1200 RPM, 48 mm/min). 
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The effects of the travel speed and the rotational speed are shown in figures 4-6 and 4-7. 
Regardless of the travel speed and the rotational speed the SZ microstructure consists of 
recrystallized equiaxed grains. It was observed that the grain size decreases as the travel 
speed increases (Fig 4-6 a → b) and increases as the rotational speed increases (Fig 4-7 a 
→ b). This is as expected because the heat input and peak temperature decrease with 
increases travel speed or decreased rotational rate [21] and therefore there will be less 
driving force for grain growth. Also, at lower temperatures less time is available for the 
grain growth to occur which leads to the finer grain sizes. 
 
a) 
 
b)  
Figure 4-6: Grain size of FSW SZ of a) 635 RPM, 48 mm/min and b)1200 RPM, 48 
mm/min 
 
a) 
 
b)  
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Figure 4-7: Grain size of FSW SZ of a) 1200 RPM, 114 mm/min and b) 1200 RPM, 420 
mm/min  
4.1.2 Hardness Test Results 
Hardness measurement is a convenient, and reliable method to assess the variations in 
mechanical properties, i.e. strength, across the weld according to the generated heat 
induced by the friction during the FSW process. The microhardness is heterogeneously 
distributed in the FSWed cross section which is due to different phenomena such as grain 
size, crystallographic texture, dislocation density, and distribution of precipitated within 
the SZ, TMAZ, HAZ, and the BM.  
During the FSW process of cast Mg alloys, i.e. HPDC AM60, various defects such as 
porosity and voids can be possibly generated which can be attributed to improper selection 
of the tool rotational speed (w) and travel speed (v), and excessive/insufficient flow of 
material during the processing. In general, more heat is generated at higher tool rotational 
speed which creates sharper thermal (and therefore stress) gradient during the subsequent 
cooling process. On the other side, lower rotational speeds result in colder weld which 
causes insufficient material flow and generation of defects in the weld. With regard to 
traverse speed, mm/min, too high and/or too low speeds directly affect the generated heat 
input during the welding process and create various defects in the weld region. For 
instance, slow travel speed produces excessive heat input which may create incipient 
melting during the process which may not be the case for high travel speed [118, 119, 120]. 
Having said this, appropriate welding speed and rotational speed must be selected to 
produce promising joints with an acceptable performance during actual service conditions. 
Figure 4-8 provide a summary of correlations between tool travel and rotational speeds in 
the FSW process, this includes various scenarios (I to IV)  [121].  
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• Scenario I provides a defect free weld. 
• Scenario II, low travel speed and high rotational speed, observes too much heat 
input which creates various defects like cracks and voids as well as incipient local 
melting. Considering Scenario II, a decreasing trend in the strength (microhardness) 
measurements is expected. Indeed, generation of hotter SZ results in material 
softening due to the grain growth. Figure 4-9 shows an SEM image of the SZ 
including some coarse grain and second phase particles.  
• Scenario III, high travel speed and low rotational speed, gives rise to insufficient 
heat input which produces lack of softening and inner voids and cracks. 
• Scenario IV, high travel speed and high rotational speed, is associated with stable 
softening and plastic flow of material causing a defect free weld. When both 
traverse and rotational speeds are high, considering that 
𝜔𝜔
𝜈𝜈
 ratio remains constant, 
the generated frictional and the adiabatic heat would not have sufficient time to 
dissipate resulting in confined and localized heating in the weld zone. In this 
condition the imposed strain and strain rate would be very large; this could in turn 
ease (promote) the flow of material to fill the produced cavity due to the FSW tool 
rotation within the material and provide a sound (defect-free) weld. In the present 
study, best quality welds were those made at the highest speeds (strain rate). It is 
worth mentioning that the strain rate in the FSW process could be estimated as 
𝜀𝜀?̇?𝐹𝐹𝐹𝐹𝐹 = 𝑅𝑅𝑚𝑚2𝜋𝜋𝑟𝑟𝑒𝑒𝐿𝐿𝑒𝑒 , where Rm is the average material flow rate; this is assumed to be 
about half of the tool rotational speed; Rm, re and Le describe the effective radius 
and depth of the dynamic recrystallization (DRX) zone, respectively. The effective 
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radius of the recrystallized zone(re) is about π/4 of the shoulder radius. Similarly, 
the depth of DRX zone (Le) is also π/4 of the plunge depth [122]. 
 
Figure 4-8: Relationship between the macro-defects and the welding parameters [121] 
 
Figure 4-9: microstructure including equiaxed grains and second-phase particles (1530 
RPM, 48 mm/min) 
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Considering the refined and equiaxed (dynamically recrystallized) grains within the SZ, 
the hardness values are greater than other zones, i.e. HAZ, TMAZ, and BM in all 
combinations of the FSW parameters (Figs. 4-10 through 4-13). Variations in hardness 
have been identified to follow the Hall-Petch relationship (hardness increase with 
decreasing grain size) [121]. Figure 4-10, for instance, shows the distribution of hardness 
across the joint at a constant rotation speed (635 RPM) and different feed rates (for the 
sake of comparison, different zones have been identified). The peak hardness is observed 
in the SZ and by moving away from the SZ, hardness decreases, and the least hardness 
belongs to the BM which is not affected by the mechanical action and/or thermal gradient 
of the welding operation. The hardness values in the TMAZ are higher than the ones in the 
HAZ; this is mainly attributed to the imposed plastic deformation in the TMAZ resulting 
in elongated, stretched and bended grains. There is not that much of difference in the 
hardness values of the SZ at different travel speeds. According to Eq. 4-1, at a constant 
rotational speed, with increase in travel speed, i.e. from 48 to 422 mm/min, heat input in 
the SZ becomes less which may slightly improve the hardness recording. It is worth noting 
that each provided hardness number is an average of three hardness values, however, to 
make the actual hardness values visible and not to make the hardness graphs busy (and 
even unreadable) the error bars are not provided. Figure 4-11 shows the hardness 
measurements at a constant rotational speed of 1200 RPM at different feed rates (48 
mm/min to 422 mm/min). It is clear from the hardness values that the highest hardness 
values, in the stir zone, belong to the one with slowest travel speed. At a constant rotational 
speed, with decreasing the travel speed, the volume of material being processed per each 
tool revolution decreases and there will be more time available for the generated heat in a 
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smaller volume of material to dissipate. This, in turn, leads to decreasing the instantaneous 
temperature and increasing the work hardening (strength) of processed material. In other 
words, an increase in the travel speed (from 48 mm/min to 422 mm/min in this study), 
increases the friction and therefore produced temperature. This can indeed result in 
dynamic recovery (dislocation rearrangement and annihilation) and grain growth, and 
therefore decrease in the strength (hardness). 
 
Figure 4-10: Hardness distribution across the weld at a constant rotation speed of 635 RPM 
and different travel speeds. Various zones have been identified in the image. 
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Figure 4-11: Hardness distribution across the weld at a constant rotation speed of 1200 
RPM and different travel speeds. Various zones have been identified in the image. 
Figure 4-12 shows the hardness variations at a constant travel speed of 48 mm/min and 
different tool rotational speeds of 635, 1200, and 1530 rpm. As observed, with increase in 
the RPM, the hardness level decrease in all regions of the weld. According to Eqs. 4-1 and 
4-3, higher RPM creates a hotter SZ; this can directly result in (i) grain growth, (ii) 
dissolution of α-Mg17Al12 phases, precipitates, and (iii) dissolution of AlMnSi 
intermetallic compounds within the matrix. These phenomena contribute to the decreased 
strength (i.e. hardness) in the welded zone. The same trend is observed in Fig. 4-13 where 
travel speed is fixed at 220 mm/min and rotational speeds are varied. The lower the RPM, 
the higher the hardness numbers are and vice versa. 
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Figure 4-12: Hardness distribution across the weld at a constant rotation speed of travel 
speed of 48 mm/min and different travel speeds. Various zones have been identified in the 
image. 
 
Figure 4-13: Hardness distribution across the weld at a constant rotation speed of travel 
speed of 220 mm/min and different travel speeds. Various zones have been identified in 
the image. 
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4.1.2.1 Design of experiment (DOE) study on hardness variations. 
In this study a DOE approach was employed to assess the effect of two important FSW 
parameters, ω and V, on the local hardness measurements of the FSWed die-cast AM60 
Mg alloy in the SZ. In the parametric design of the experiments the factorial method is 
used to study the effect of tool rotational and travel speeds on the strength (hardness) of 
the joint. To analyze the effect of the two parameters, a 32 factorial design was chosen. A 
32 factorial design has three levels of each of the two factors. The study used fixed factors, 
three tool rotational speeds (635, 1200, and 1530 RPM) and three transverse speeds (48, 
220, and 422 mm/min), resulting in nine experimental units. Each of the nine experimental 
units containing five replicates (five hardness values were taken from the SZ of each 
sample). With three levels of each factor, the data points in the middle allow for a curved 
fit response function. The design used is shown below in Table 4-2 and Figure 4-14. This 
design allowed for an economical investigation into the cause and effect relationships of 
the significance of the two variables at hand. 
Table 4-2: The 32 Factorial arrangement; 0, 1, and 2 stand for low, medium and high 
quantities, respectfully. 
 
Factor A Factor B
0 0
1 0
2 0
0 1
1 1
2 1
0 2
1 2
2 2
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Figure 4-14: A 32 design scheme (0, 1, and 2 stand for low, medium, and high quantities, 
respectively). 
Table 4-3 shows sum and mean of the collected hardness data at different tool rotational 
and tool travel speed. The main effects (αi and βj) are calculated by equations 4-4 and 4-5: 
𝛼𝛼𝑖𝑖 = ?̅?𝜇𝚤𝚤.̇ − 𝜇𝜇    Eq. 4-4 
𝛽𝛽𝑖𝑖 = ?̅?𝜇.𝑗𝑗 − 𝜇𝜇  Eq. 4-5 
Table 4-3: Sum and mean of collected data 
 
The main effects are calculated in Table 4-4 and displayed graphically from the Minitab 
output in Fig. 4-15 
Rotational Speed
RPM
87.20 87.40 80.20 79.80 84.00 82.70
87.90 87.90 83.90 80.00 76.40 80.80
85.30 435.70 76.80 400.70 81.80 405.70
85.30 86.50 71.20 72.00 66.10 70.80
85.60 85.60 71.80 71.10 69.90 68.00
87.80 430.80 72.70 358.80 66.40 341.20
69.80 68.20 79.00 79.70 65.50 68.10
67.60 69.40 78.10 80.60 68.20 64.50
69.80 344.80 78.50 395.90 68.70 335.00
Column Total 3448.60
Column Means 76.64
1530
48 220 422
Travel Speed (mm/min) Row Total
635
1200
80.75 77.03 72.13
82.81
Row Means
75.39
71.711075.70
1130.80
1242.10
1081.901155.401211.30
81 
 
Table 4-4: Main Effects 
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Figure 4-15: Minitab output showing the main effects plot for the hardness values. 
The interaction effects are calculated using equation 4-6. 
𝑦𝑦 = 𝜇𝜇𝑖𝑖𝑗𝑗 − ?̅?𝜇𝚤𝚤.̇ − ?̅?𝜇.𝑗𝑗 + 𝜇𝜇 Eq. 4-6 
The interaction effects are calculated in Table 4-5 and displayed graphically from the 
Minitab output in Fig. 4-16. 
48 220 422
635 87.14 80.14 81.14 6.17
1200 86.16 71.76 68.24 -1.25
1530 68.96 79.18 67 -4.92
Main Effect
Travel Speed (mm/min) Rotational Speed 
main effects
Travel Speed 
Main Effects
4.12 0.39 -4.51
Rotational 
Speed (RPM)
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Table 4-5:  Interaction effects between parameters 
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Figure 4-16:Minitab output showing the interaction effects plots for the hardness values 
 
Analysis of variance (ANOVA) [123, 124, 125], a collection of statistical models and their 
associated procedures (such as "variation" among and between groups) used to analyze the 
differences among group means, were done by using equations 4 through 20 in Appendix 
A, considering n (number of replicates) = 5, a (number of levels tool rotational speed) = 3, 
and b (number of levels of the transverse speed) = 3. ANOVA calculations were also made 
in Minitab. The results from the output calculations are displayed in Table 4-6 and the 
output from Minitab is displayed in Appendix B. 
48 220 422
635 0.215556 -3.05778 2.842222
1200 6.655556 -4.01778 -2.63778
1530 -6.87111 7.075556 -0.20444
Rotational 
Speed (RPM)
Travel Speed (mm/min)
Interaction Effects
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Table 4-6: ANOVA statistical estimates 
 
 
Upon calculating the results, the model adequacy needed to be verified. Figure 4-17 
exhibits four different plots used to verify the adequacy of the model. These plots include 
the normality assumption, residuals, histogram, and the residuals versus observation order, 
that verify the adequacy of the model. None of these plots exhibit anything out of the 
ordinary. The normality plot shows no severe indication of non-normality, nor evidence of 
any possible outliers. The residuals plot reveals nothing abnormal or of unusual interest. 
Histogram plots show the central tendency, spread, and variability. This histogram also 
shows nothing from the ordinary as with the residuals versus observation order.  
The purpose of this study was to determine if changing the tool rotational speed and the 
transverse speed influenced the hardness of the friction stir welded joints. Looking at the 
ANOVA results (Table 4-6) the Frotational speed = 158.37 and Ftransverse speed = 92.83, for 
both Fcritical = 3.26 with a P value of almost 0. Therefore, the main effect of both the tool 
rotational speed and the transverse speed are significantly different and do influence the 
hardness. Also, looking at the interactions Finteractions = 75.29 with the Fcritical = 2.63 and 
again a P value of almost 0, it can be concluded that there is a significant interaction 
between the tool rotational speed and the transverse speed. From the main effects plots 
(Figure 4-15), it is shown that the lower tool rotational speed and transverse speed yield 
ANOVA
Source of Variation SS df MS F P-value F crit
Rotational Speed 958.0591 2 479.0296 158.3685 1.44E-18 3.259446
Travel Speed 561.5871 2 280.7936 92.83114 6.18E-15 3.259446
Interaction 910.9449 4 227.7362 75.29023 5.56E-17 2.633532
Within 108.892 36 3.024778
Total 2539.483 44
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higher hardness value. Looking at the interaction plots (Fig. 4-16), it is visually shown 
there are significant interactions between the tool rotational and transverse speeds by the 
lack of parallelism of the lines. 
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Figure 4-17: Plots of model adequacy checking 
4.1.3 Fatigue Response 
In vast Mg alloys, current knowledge and predictions lead to a working hypothesis: the 
structures are not stable over time or under dynamic loading. Strength and fatigue 
resistance decrease as casting pores and grains continue to grow. The evolution of fatigue 
damage appears brittle, cracks initiating at intersections between pore surfaces and grain 
boundaries and growing by linking up with nano-voids nucleating on the boundaries ahead 
of them. This is enhanced by a combination of grain boundary migration and reductions in 
the density of diffusion paths. Considering existing potentials on dynamic application of 
the AM60 Mg alloy, research on fatigue characteristics of FSWed AM60 can provide 
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significant information on solid-state weldability of cast Mg alloys as a challenging 
material for fusion welding operation. Besides, fatigue property/ microstructural feature 
correlations provide a distinct path for optimizing component design and multi-scale 
modeling.  
In fatigue testing of the cast FSWed specimens, crack initiation points are associated with 
either surface marks (i.e. surface circular arcs due to tool rotation and translation, surface 
grooves and flashes, surface voids made by oxides trapped during casting, etc.) or with 
internal defects (i.e. casting porosities and micro-cracks, cavity created due to insufficient 
heat input, etc.) [8, 9]. Figure 4-18, schematically, shows common flaw types which can 
be generated in friction stir welding process. These internal and external defects make the 
material more sensitive to crack nucleation and, and crack propagation. In fatigue testing 
of the AM60 Mg alloy, fatigue crack can either propagate across the α-Mg dendritic cell 
or can preferentially through Al12Mg17 phase on the α-Mg grain boundaries.  
 
Figure 4-18: Schematic of common flaws generated in the FSW process [126]. 
For the engineering and structural applications, where fatigue is a potential mechanism of 
failure, the area of interest is fatigue life beyond 10 million cycles, in particular, for those 
alloys that do not necessarily show clear endurance limits (i.e. aluminum and magnesium). 
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The available literature on the effect of FSW parameters on fatigue performance 
(stress/number of cycle (S–N) and fatigue crack propagation behavior) are rather 
contentious. In several studies [64, 127, 128, 129, 21], it has been reported that fatigue 
strength of friction stir welds is lower than those of the base metal, however, in some other 
papers the fatigue limit was reported comparable to (or better than) those of base metal [94, 
130, 131]. One main aspect that must be considered when studying fatigue response in the 
FSW is residual stress created in the weld zone. In the FSW process, rigid clamping is used, 
to position the plates for the FSW run, which creates large restraint on the welded plates 
(this is not necessarily the case in conventional fusion-based welding operations). These 
restraints obstruct the contraction of the SZ and the HAZ during subsequent cooling 
generating residual stresses. In particular, tensile residual stresses impart adverse effects 
on fatigue life of the welded parts compared with non-welded parts. The FSW parameters 
and clamping forces can directly affect the type and magnitude of the residual stresses 
created in the weld. With increasing tool transverse and tool rotational speeds, strain, strain 
rate, and tensile residual stresses in the HAZ have been reported to increase (this is 
explained by higher cooling rate) [132]; this results in a decrease in the fatigue life of the 
welded parts.  
Figure 4-19 shows stress/Nf trends at a constant RPM of 1200 and two different rotational 
speeds of 48 and 114 mm/min. At a constant rotational speed, with increase in the tool 
travel speed the peak temperature in the SZ and the heat input decrease (see Table 4-1). 
Decrease in the heat input results in higher hardness in the SZ and therefore improved 
fatigue life (the higher the hardness the higher the fatigue life [116]). Figure 4-20 shows 
the stress/Nf graphs a constant travel speed of 114 mm/min and different RPMs. At a 
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constant travel speed, with increase in the RPM the SZ becomes hotter (see Table 4-1) and 
therefore grain growth is promoted. This results in a reduction in the hardness and a lower 
fatigue life. Considering Figs. 4-19 and 4-20, one can see that the weld heat input possesses 
a significant influence on fatigue strength of the welded joints although the relationship is 
non-linear. As mentioned before, fatigue failure in the FSWed samples was either caused 
by internal voids in the weld nugget or by the FSW fingerprints (i.e. surface marks that act 
as crack initiation sites). According to the hardness profiles of the FSWed samples, fatigue 
cracks must initiate in the HAZ and TMAZ due to the low hardness values of these regions. 
This is in agreement with results reported by Montgomery et al [28], Rajakumar et al [133] 
and Mohamed and Manurung [134]. Figure 4-21 shows the correlations between Nf and 
the SZ hardness values at different travel speeds. With increase in the travel speed, the 
hardness increases which results in a better fatigue life (a better weld quality is achieved 
here with less density of internal and surface defects).  
 
Figure 4-19: Stress versus fatigue cycles at a constant RPM and two different travel 
speeds. 
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Figure 4-20: Stress versus fatigue cycles at a constant travel speed and two different 
rotational speeds 
 
Figure 4-21: Correlations between Nf and the SZ hardness values at different travel 
speeds. For each traverse speed, there is a 635, 1200, and 1530 rotational speed; the 
hardness values were an average of 5 indents from the SZ. 
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Figure 4-22 shows the difference between fatigue response of the thinner and the thicker 
sheets for a representative FSW test at 1500 rpm and 220 mm/min. Two main reasons for 
better fatigue life of thinner sheets versus thicker sheets are (i) a larger volume of material 
is stressed which means more imperfections and initial defects (i.e. micro-cracks, 
porosities, lack of fusion, etc.) are involved; (ii) the residual stress in a thicker joint is 
higher than thinner one, which influences the fatigue life of welded structures. 
Having said this, the corresponding thickness corrections for fatigue life can be written as 
[135]:  
0.75
B
B
t
N N
t
 =  
 
  
Eq. 4-7 
where NB refers to fatigue life for a reference plate thickness tB. 
 
Figure 4-22: The effect of sheet thickness on the fatigue response of FSWed AM60 (1500 
rpm and 220 mm/min). 
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4.1.4 SEM Fracture Surface Analysis 
 The fracture surfaces were analyzed by the SEM to reveal the mechanisms and the type of 
fracture of the samples that undergo fatigue testing. During fatigue testing, cracks initiate 
from the imperfections (either surface or internal) then grow continuously until the point 
where the remaining material is overstressed. The next step is unstable crack growth and 
final fracture (failure). Figure 4-23 shows a crack initiation point for the FSWed samples 
employing 1530 rpm rotational and 48 mm/min travel speed. 
The dominant feature on the fracture surface is the extensive presence of ductile dimple 
markings (Fig. 4-24) which are indicatives of void initiation, growth, and coalescence 
(possibly from Al12Mg17 phase particles). Some porosities are observed on the fracture 
surface which act as pre-existing voids of significant size and facilitate the coalescence of 
other growing damages. In this case, voids, generated by the FSW process, and casting 
porosities both contribute to the final fracture. Having said this, the material exhibits a 
ductile behavior. The stirring action of the FSW tool produces fine grains in the SZ leading 
to ductile fracture compared with brittle fracture of the non-processed (as-cast) materials 
where casting voids can directly contribute to the brittle behavior of the material. As 
depicted with arrows on the fracture surfaces, isolated small zones of striation-like features 
(Fig. 4-25) and the presence of local ductility in the zones surrounding the small voids were 
observed. In the hcp materials, like AM60 Mg alloy, the formation of fatigue striations has 
been linked to the twinning and de-twinning during loading and unloading [136]. The 
striations are unique features to fatigue testing which are microscopic in nature and only 
visible under high magnification. There are regions of brittle fracture (Fig. 4-26) that 
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transitioned to ductile regions interspersed with dimples and localized area of plastic 
deformation of the fracture surface. 
 
 
Figure 4-23: Red arrow shows a fatigue crack initiation point (1530 rpm rotational and 48 
mm/min travel speed). 
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Figure 4-24: SEM fractograph showing considerable ductile-dimple structure in the 
eutectic in the fracture surface (1530 RPM, and 220 mm/min). 
 
 
Figure 4-25: Striation-like features on the fracture surface (1530 RPM, and 220 mm/min). 
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Figure 4-26: Features on the fracture surface confirming a mixture of brittle/ductile 
fracture (1530 RPM, and 48 mm/min). 
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4.2 Al-10%Si Al Alloy 
4.2.1 Microstructure Analysis 
In this section the microstructure of the of the non-processed base aluminum Al-10%Si 
cast alloy is compared against the processed microstructure to assess the microstructural 
evolutions. Figure 4-27 shows the SEM micrograph of the as-received die cast Al-10% Si 
microstructure used in this study. The Al-10%Si alloy is a hypoeutectic mixture which 
possesses a homogeneous microstructure that includes a primary dendrite phase, eutectic 
mixture along with some porosity. The microstructure consists of α-Al dendrites and 
coarse Si particles concentrated in Al-Si eutectic regions. This type of Si particle 
segregation in the inter-dendritic regions is the effect of the natural solidification 
sequence of this alloy, the sizes and morphologies vary depending on melt chemistry and 
cooling rate. This is the expected microstructure for the alloy at ambient temperature 
based on the Al-Si binary phase diagram provided in figure 4-28.  
 
Figure 4-27: SEM of the microstructure of the as received Al-10%Si alloy (1200 RPM, 
114 mm/min) 
95 
 
 
Figure 4-28: Aluminum-silicon phase diagram [54]. The dashed line, schematically, shows 
the position of the Al-10%Si alloy 
Upon running the FSW process, the microstructure of the Al-Si alloy changes drastically 
due to the severe plastic deformation caused by the rotating tool. The welded structure of 
the Al-Si alloy is like that of the AM60 alloy with the presence of a clear stirred zone (SZ) 
with fine equiaxial grains and thermomechanically affected zone (TMAZ) with elongated 
and tilted grains were found. Figure 4-29 provides the microstructures of the base metal 
(BM), the TMAZ and the SZ for the purpose of comparison.  Under an optical microscope, 
the lighter areas are the α-Al while Si particles are dark. The BM is composed of course Si 
particles which are non-uniformly distributed in the eutectic matrix. As expected the SZ of 
the FSW joints consistently showed a fine recrystallized, equiaxed grain structure, with β-
Mg2Si precipitates which is caused by dynamic recrystallization. It is expected that the size 
of the α-Al grains in the SZ as compared with the base metal are much finer [21]. As with 
AM60, the intense plastic deformation imposed by the FSW tool occur in a short period of 
time that does not allow for the recrystallized grains to grow with in the SZ and this leads 
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to the significant grain refinement. The temperature of the SZ is dependent on the tool 
traverse and rotational speeds and can be calculated using equation 4-1.  
For Al-10%Si the constants are unknown. Table 4-7 shows the ratio between the SZ and 
melting temperature as a function of the constants K and α based on Eq. 4-1 (Tm= 660 oC 
[52]). The recrystallization temperature of the Al-Si alloys series is ~400 oC [137]. 
Therefore, in almost all combinations of FSW parameters in the present study, dynamic 
recrystallization does happen. 
Table 4-7: The FSW parameters, rotational and transverse speeds, and the SZ temperature 
according to Eq. 4-1 
Rotational speed 
(rpm) Traverse speed (mm/min) 
SZ
m
T
T
 
635 114 𝐾𝐾(0.35)𝛼𝛼 
635 420 𝐾𝐾(0.10)𝛼𝛼 
1200 114 𝐾𝐾(1.26)𝛼𝛼 
1200 220 𝐾𝐾(0.65)𝛼𝛼 
1530 114 𝐾𝐾(2.05)𝛼𝛼 
1530 420 𝐾𝐾(0.56)𝛼𝛼 
 
The foremost factor in determining the recrystallized grain size is the peak temperature of 
the FSW cycle. This means that the recrystallized grain size in the FSW Al-Si alloy 
increases with increasing tool rotational rate or the ratio of the tool rotational speed/travel 
speed. This is expected because the heat input and peak temperature decrease with increase 
in traverse speed or decrease in rotational rate. At these lower temperatures there is less 
time for the grain growth to occur which leads to the smaller grain sizes. There is an 
optimum combination of FSW parameters for generating the finest grain size in the Al-Si 
alloy. 
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In the SZ, as observed, Si fibers are broken into smaller pieces within the SZ and uniformly 
distributed within the α-Al matrix. The SZ forms a rotational shear material (RSM) region 
[8]. In the RMS region the Si particles are uniformly distributed throughout the α-Al 
matrix. Figure 4-29c shows these smaller, evenly distributed particles in the SZ. Outside 
of the RMS region the alloy is still deformed but to a much lower extent causing the 
concentration of the Si particles in the interdendritic regions to remain, this keeps the 
microstructure highly segregated. The broken Si particles are found to be nearly spherical 
in shape which is a result of the intense stirring effect of the rotating tool. Figure 4-30 is 
the SEM micrograph showing the as-cast Si fibers within the eutectic matrix and Figure 4-
31 shows the post-FSW spherical particles. These spherical particles are created through 
spheroidization (Fig. 2-8). Spheroidization helps to improve the alloy’s ductility and 
fatigue strength [50]. 
 
a) 
 
b) 
 
c) 
Figure 4-29: The optical micrographs of the microstructure of as-received a) Al-10%Si 
alloy, b) TMAZ and c) SZ (1530 RPM, 420 mm/min) 
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Figure 4-30: SEM of the microstructure of the as-cast Si fibers (1200 RPM, 114 mm/min) 
 
a) 
 
b) 
Figure 4-31: SEM of the microstructure of FSW SZ spherical particles (1200 RPM, 114 
mm/min) 
The size and distribution of the Si particles are hardly affected by the welding parameters. 
This is evident in Figure 4-32 which shows a comparison of the SZ of different parameters. 
As well, the fine, spherical Si particles are expected to reduce the crack sensitive zone [57]. 
The size of the α-Al grains in the SZ as compared with the base metal is much finer. As 
with AM60, the intense plastic deformation imposed by the FSW tool occur in a short 
period of time that does not allow for the recrystallized grains to grow with in the SZ and 
this leads to the significant grain refinement. 
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Figure 4-32: The optical micrographs of the SZ of FSW a) 635 RPM, 420 mm/min, b) 
1530 RPM, 420 mm/min and c) 1530 RPM, 114 mm/min 
The TMAZ (Fig 4-29b) is highly susceptible to plastic deformation but it does not go 
through dynamic recrystallization because of deficient strain and temperature [21]. The 
TMAZ is characterized by elongated grains which are stretched around the SZ.  
The TMAZ is made up of two sub-regions. These regions are dependent on the location 
they are formed. One is formed by the FSW tool shoulder on the top layer of the alloy, this 
is known as the shoulder affected (SE) TMAZ. The other region is along the sides of the 
SZ, this is the pin-affected (PE) TMAZ (Fig. 4-33) [138].  Since the SE-TMAZ is formed 
along the shoulder diameter, which is subjected to compressive stress, the microstructure 
is influenced by the high temperatures generated from the frictional interaction between 
the alloy and the tool shoulder and not the pin stirring [138] (Fig. 4-34). 
 
Figure 4-33: Cross-section of FSW sample perpendicular to the advancing direction 
showing the different TMAZ subsections [138] 
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Figure 4-34: SE-TMAZ region (1530 RPM, 420 mm/min) 
The PE-TMAZ is much more effected from the stirring on the pin as compared with the 
SE-TMAZ. There is a distinct transition from the SZ to the PE-TMAZ (fig. 4-35). The 
eutectic Si particles are aligned in the same direction around the SZ.  
 
 
Figure 4-35: Transition region in the PE-TMAZ (635 RPM, 420 mm/min) 
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4.2.2 Hardness Test Results 
It is clear that there is significant softening throughout the weld zone as compared to the 
base Al-10%Si base metal. It is observed that there is a wide range of hardness in the BM. 
The BM is made up of a hypoeutectic microstructure of Al-Si (Fig 4-28). The Al solution 
is softer than the Si fibers and has a larger volume fraction. If the hardness was taken in 
the primary α-Al phase as compared with the eutectic Al-Si solution it shows a lower 
hardness [139]. This indicated that the hardness of the Al-Si alloy BM is dependent on 
where the indenter sits in the alloy. The SZ shows more uniform hardness values because 
of the dispersed, spherical Si particles.  
Aluminum alloys can be classified into heat-treatable (precipitation-hardenable) alloys and 
those that are non-heat-treatable alloys. Previous studies on precipitation-hardened 
aluminum alloys show that FSW creates a softened region around the weld center [21]. 
This softening happens in the thermal cycle of FSW when the strengthening precipitates 
(Si) are coarsened [21]. The vigorous stirring of the Al-Si alloys during FSW causes the 
eutectic Si fibers to convert to spherical particles. This is done in a process known as 
spheroidization. Spheroidization occurs when the temperature of the alloy is held below 
the eutectic temperature [140] which is provided through frictional heat during the FSW 
process. The Si content assumes a spheroidal shape and then is dispersed evenly through 
the alloy by sever plastic deformation during the FSW [141] (Fig 4-31).    
Figure 4-36 shows the distribution of hardness across the joint at a constant rotation speed 
(635 RPM) and different feed rates (for the sake of comparison, different zones have been 
identified). The weld center (or stirred zone) is showing a softer region where Si 
spheroidization happens. Spheroidization phenomenon results in the reduced hardness 
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with-in the SZ because the sharp edges of strengthening Si precipitates are eliminated. This 
reduction in hardness leads to an increase in the ductility of the Al-Si alloy in the SZ. That 
is, the spherical Si particles allow the alloy to deform plastically without cracking [142], 
which in turn increases the machinability [140]. By moving away from the SZ, hardness 
increases. The peak hardness is seen in the base metal which is not affected by the 
mechanical action and/or thermal gradient of the welding operation. The hardness values 
in the TMAZ is lower than the ones in the HAZ; this is mainly attributed to the TMAZ 
being exposed to more of a thermal cycle then the HAZ and thus more precipitation 
distribution in the TMAZ is seen than the HAZ [21]. There is not that much of difference 
in the hardness values of the SZ at different travel speeds when the rotational speed is held 
constant. It is worth noting that each provided hardness number is an average of three 
hardness values, however, to make the actual hardness values visible and not to make the 
hardness graphs busy (and even unreadable) the error bars have not been provided. Figure 
4-37 shows the hardness measurements at a constant rotational speed of 1200 RPM and 
different traverse speeds (114 mm/min and 420 mm/min). It is clear from the hardness 
values that the highest hardness values in the stirred zone are less than those of the other 
zones. It can be noted that the softest measurement is not seen in the center of the weld but 
rather 2.8 mm on either size of the weld center line. In both figure 4-37 and Figure 4-38, 
we see the lower travel speed contributes to the lowest hardness values which is attributed 
the higher heat input created in lower travelling speed. At a constant rotational speed, with 
decreasing the travel speed, the frictional heat is increased. This can account for more of 
the precipitates to become dissolute which in turn reduces the hardness of the metal.  
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Figure 4-36: Hardness distribution across the weld at a constant rotation speed of 635 
RPM and different travel speeds. Various zones have been identified in the image 
 
Figure 4-37: Hardness distribution across the weld at a constant rotation speed of 1200 
RPM and different travel speeds. Various zones have been identified in the image 
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Figure 4-38: Hardness distribution across the weld at a constant rotation speed of 1530 
RPM and different travel speeds. Various zones have been identified in the image 
Figures 4-39 and 4-40 show the hardness variations at a constant traverse speed and 
different tool rotational speeds of 635 and 1530 rpm. Here we see the same results as when 
the rotational speeds were held constant. The softer material is seen in the center of the 
weld, caused by the Si particle spheroidization. At the lower travel speed (114 mm/min) 
both 635 and 1530 RPM show similar hardness. At a higher travel speed of 420 mm/min, 
635 RPM has a softer hardness with in the weld zone.  
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Figure 4-39: Hardness distribution across the weld at a constant travel speed of 114 
mm/min and different rotational speeds. Various zones have been identified in the image 
 
Figure 4-40: Hardness distribution across the weld at a constant rotation speed of travel 
speed of 420 mm/min and different travel speeds. Various zones have been identified in 
the image 
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4.2.3 Fatigue Response 
Figure 4-41 through 4-43 shows the maximum stress plotted against the number of cycles 
to failure for constant RPMs of 635, 1200, and 1530, respectively and two different 
rotational speeds of 114 and 420 mm/min or 114 and 220 mm/min. When the rotational 
speed is held constant, the slower traverse speed (114 mm/min) has a better fatigue 
response that that of the faster travel speeds (220 mm/min or 420 mm/min). By lowering 
the travers speed to 114 mm/min the fatigue life was improved between 2 and 2.5 times. 
At 635 RPM and 420 mm/min there was no failure until 107 cycles when tested at 46 MPa, 
whereas at the same rotational speed and 114 mm/min this was improved to 115 MPa (Fig. 
4-41). At 1200 RPM and 220 mm/min there was no failure until 107 cycles when tested at 
23 MPa, whereas at the same rotational speed and 114 mm/min this was improved to 46 
MPa (Fig. 4-42). At 1530 RPM and 420 mm/min there was no failure until 107 cycles when 
tested at 46 MPa, whereas at the same rotational speed and 114 mm/min travelling speed 
this was improved to 92 MPa (Fig. 4-43). At a constant rotational speed, with increase in 
the tool travel speed the peak temperature in the SZ and the heat input decrease (see Table 
4-7). We saw from the hardness tests that the hardness with in the SZ was decreased caused 
by the spheroidization of the Si particles. The Al-10Si alloy becomes less brittle with 
enhanced fatigue life.   
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Figure 4-41: Stress versus fatigue cycles at a constant 635 RPM and two different travel 
speeds 
 
Figure 4-42: Stress versus fatigue cycles at a constant 1200 RPM and two different travel 
speeds. 
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Figure 4-43: Stress versus fatigue cycles at a constant 1200 RPM and two different travel 
speeds 
Figure 4-44 is a plot of the stress amplitude (σa), as a function of the number of load 
reversals or Nf on a log-log scale for the parameters shown in figure 4-41 through 4-43. A 
linear relationship between the stress amplitude and number of load reversals follows the 
Basquin relationship (Eq 4-8) where σf represents the fatigue strength coefficient and b 
represents the Basquin exponent [94, 143]. The data from the different parameters is clearly 
separated on the Basquin plot with 635 RPM and 114 mm/min having the highest response 
with 1200 rpm and 220 mm/min showing the poorest response. It is evident from this plot 
that the lower travel speed of 114 mm/min possesses a better fatigue life than that of the 
higher traverse speed of 420 mm/min where changing the RPM has no effect on the fatigue 
life. The Basquin exponent values are outlined in table 4-8.  
𝜎𝜎𝑎𝑎 = 𝜎𝜎𝑓𝑓(𝑁𝑁𝑓𝑓)𝑏𝑏 [94, 143]. Eq. 4-8 
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Figure 4-44: Stress amplitude vs number of cycles 
Figure 4-45 and 4-48 shows the stress/Nf graphs a constant travel speed of 114 mm/min 
and 420 mm/min respectively and different RPMs of 635 and 1530 rpm. These results show 
no difference between the change in the rotational speed on the fatigue life of the Al-10%Si 
alloy. Considering Figs. 4-41 through 4-43, 4-45 and 4-46, one can see that the traverse 
speed significantly influences the fatigue strength of the welded joints; although the 
relationship is non-linear, the rotational speed has no influence on the fatigue strength. As 
mentioned before, fatigue failure in the FSWed samples was either caused by internal voids 
in the weld nugget or by the FSW fingerprints (i.e. surface marks that act as crack initiation 
sites). According to the hardness profiles of the FSWed samples, fatigue cracks must 
initiate in the SZ or TMAZ due to the low hardness values of these regions. 
Table 4-8: Basquin exponent values 
Parameters Basquin Exponent 
Fatigue Strength 
Coefficient (MPa) 
635 RPM, 114 mm/min -0.066 335 
635 RPM, 420 mm/min -0.150 580 
1530 RPM, 114 mm/min -0.134 856 
1530 RPM, 420 mm/min -0.165 672 
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Figure 4-45: Stress versus fatigue cycles at a constant travel speed 114 mm/min and 
different rotational speeds 
 
 
Figure 4-46: Stress versus fatigue cycles at a constant travel speed 420 mm/min and two 
different rotational speeds 
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Figure 4-47 shows the difference between fatigue response of the thinner and the thicker 
sheets for a representative FSW test at 1500 rpm and 220 mm/min. In the Al-10%Si alloy, 
very subtle difference is seen between the two thicknesses of material (the thinner sheet 
shows a bit better life).  
 
Figure 4-47: The effect of sheet thickness on the fatigue response of FSWed AM60 (1500 
rpm and 420 mm/min) 
 
4.2.4 SEM Fracture Surface Analysis 
 The fracture surfaces were analyzed by the SEM to reveal the mechanisms and the type of 
fracture of the samples that undergo fatigue testing. During fatigue testing, cracks initiate 
from the imperfections (either surface or internal) then grow continuously until the point 
where the remaining material is overstressed. The next step is unstable crack growth and 
final fracture (failure). Figure 4-48 shows a crack initiation point for the FSWed sample 
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employing 1530 RPM rotational and 114 mm/min traverse speed (serrations are clearly 
observed). 
 
Figure 4-48: The red arc shows the beach marks which direct to the fatigue crack 
initiation point at the red arrow. (1530 RPM, 114 mm/min) 
The dominant feature on the fracture surface is the extensive presence of dimple markings 
(Fig. 4-49 through 4-51). These dimples are an indication that it is a ductile type of fracture 
[144]. As mentioned previously the stirring action of the FSW tool refines and uniformly 
distributes the Si particles throughout the SZ, breaking the network of brittle blades/fibers 
and converting them to broken/spheroidized particles. This improves the ductility in the 
SZ as compared to the brittle fracture of the non-processed (as-cast) materials [57] where 
casting voids and Si fibers directly contribute to the brittle behavior of the material. This 
is because of the elimination of sharp tips and corners of the large brittle Si fibers and 
conversion of them to small broken particles that are evenly distributed in the matrix 
because of the stirring action of the rotating tool. This agrees with the findings from the 
microstructure, hardness, and fatigue results. Literature review on tensile strength of the 
FSWed Al-Si alloys also show a significant increase in the uniform elongation and 
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toughness in the SZ as compared to the as-cast Al-Si alloy (figure 4-52) [144, 141, 145, 
57, 146].  
 
Figure 4-49: SEM fractograph showing considerable ductile-dimple structure in the 
fracture surface (1530 RPM, and 114 mm/min) 
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Figure 4-50: SEM fractograph showing considerable ductile-dimple structure in the 
fracture surface (1200 RPM, and 114 mm/min) 
 
Figure 4-51: Ductile failure and the crack in this weld. (1530 RPM, and 420 mm/min) 
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Figure 4-52: [57] Stress verses strain in base and FSPed samples at various process 
parameters 
 
4.3 Comparison between AM60 Mg alloy and Al-10Si Aluminum alloy 
Though the microstructural changes, induced by the FSW tool, of the AM60 Mg alloy and 
the Al-10%Si alloy are quite similar, a couple of distinct differences are observed. The base 
metal of the AM60 alloy consists of α-Mg grains and eutectic β-Mg17Al12 phase and 
eutectic α which is distributed along the grain boundaries (Fig 4-53a). While the BM Al-
10%Si consists of an α-Mg phase and an Al-Si eutectic region which possesses course Si-
particles in the shape of needle like plates (Fig 4-53b) distributed on α-Al grain boundaries. 
During the FSW process, both alloys undergo severe plastic deformation which results in 
dynamic recrystallization of the grains within the SZ caused by the rotating tool and 
frictional heat. The AM60 alloy is indicative of recrystallized equiaxed, fine grains which 
are evident in the SEM image shown in Figure 4-54a. The Al-10%Si alloy undergoes grain 
refinement, but the Si fibers go through spheroidization creating sphere shaped Si particles 
evenly distributed throughout the stirred zone (Fig. 4-54b).      
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a. 
 
b.  
 
Figure 4-53: SEM micrograph of a) AM60 alloy b) Al-10%Si alloy 
a.  
 
b.  
 
Figure 4-54: SEM micrograph showing a) the recrystallized grains of the SZ for AM60 
and b) the sphere-shaped particles which are evenly distributed in the SZ of the Al-10%Si 
alloy 
Upon the FSW process, the SZ of the AM60 Mg alloy becomes harder than the BM 
whereas for the Al-10%Si Al alloy it becomes softer. Figure 4-55 is a comparison of the 
hardness of the AM60 and the Al-10%Si at 635 RPM and 114 mm/min. The hardness of 
the Mg alloys has been shown to be affects by refined grains created by sever plastic 
deformation as compared to the SZ hardness for the Al –Si alloy which is mainly controlled 
by the distribution of the Si fibers, which as they undergo plastic deformation are broken 
and spheroidized into smaller sphere-shaped particles in-turn reducing the hardness of the 
metal. It is worth mentioning that both grain refinement and Si spheroidization would 
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happen in the SZ of the Al-Si10 alloy. However, according to the hardness measurements, 
it seems that Si spheroidization (conversion of long brittle eutectic Si blades to broken 
spheroidized particles) is the dominant controlling mechanism in defining the SZ 
microstructure in the Al-Si10 alloy. 
 
 
Figure 4-55: Hardness for AM60 and Al-10%Si at 635 RPM and 114 mm/min 
The fracture surface of the AM60 shows a brittle/ductile combination nature. The dominant 
feature on the fracture surface was ductile dimple markings (Fig 4-56), that being said, 
there are isolated zones on the fracture surface that show a brittle fracture (Fig 4-57) of 
striation-like features present. This is an indicative of a ductile fracture but the striation 
like features on the fracture surface specify a brittle nature (Fig. 4-56a). Al-10%Si shows 
dimple markings as the dominant feature which indicates a ductile type of fracture (Fig. 4-
56). This agrees with the dominant phenomena controlling the microstructure of the Al-
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Si10 alloy in the SZ. As mentioned before, rotating FSW tool results in (i) spheroidization 
of the Si particles and (ii) even distribution of the broken Si particles in the SZ matrix. 
Because of the directional anisotropy as well as sharp tips/terminal of the Si blades are 
excluded, the hardness in softened. Besides, Si particles would be distributed 
uniformly/evenly in the matrix as compared with the non-processed microstructure where 
eutectic Si colony is precipitated on the α-Mg grain boundaries (See Fig. 4-58). 
a. 
 
b. 
 
Figure 4-56: SEM fractograph of a) AM60 at 1530 RPM and 220 mm/min and b) Al-
10%Si at 1200 RPM and 114 mm/min 
 
  
Figure 4-57: Features on the fracture surface confirming a mixture of brittle/ductile 
fracture (1530 RPM, and 48 mm/min). 
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a. 
 
b. 
 
Figure 4-58: SEM micrograph of A1-10% Si showing a) as received microstructure with 
Si colony precipitated on the α-Mg grain boundaries b) FSWed microstructure with Si 
particles uniformly distributed in the matrix.  
In AM60 Mg alloys there was an improvement in fatigue life when the rotational speed is 
held constant and the traverse speed was increased. This is opposite to the Al-10%Si alloy 
where the fatigue life was improved when the traverse speed is slower. With the AM60 
alloy when the traverse speed is held constant and the rotational speed in increased the SZ 
becomes hotter, this promoted grain growth which increases ductility in the alloy and 
improves fatigue life. Compared to the Al-10%Si alloy where there is no change observed 
when the traverse speed is held constant there is no change in the fatigue life as the 
rotational speed is varied. When the thickness of the alloys was varied there was little effect 
on the fatigue life of the Al-10%Si alloy and an improved fatigue life was detected with 
the thinner sheets of the AM60 alloy.  
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CHAPTER V 
5 CONCLUSIONS AND FUTURE WORK 
The goal of this research was to understand the relationship between hardness, fatigue 
strength and microstructural features of two FSWed non-ferrous cast alloys (i.e. AM60 and 
Al-Si10). In this study hardness and fatigue testing was performed on several different as-
cast AM60 and Al-Si FSW joints using different parameters (i.e. tool rotational and tool 
traverse speeds). The fracture surface and microstructural features of the joints were 
discussed. This chapter presents conclusions of the research results and recommendations 
for further understanding the relationship between the FSW parameters, the microstructure 
and the mechanical properties. 
5.1 AM60 Mg Alloy 
1. The AM60 Mg sheets (thickness of 4 mm) were successfully welded by the FSW process 
and no macro level defects were found under tool rotational and traveling speeds of 635 
rpm (48 mm/min), 1200 rpm (48 mm/min), and 1200 rpm (114 mm/min). 
2. With increase in the tool rotational speed, the hardness level decrease in all regions of 
the weld in both alloys. Also, highest hardness values, in the stir zone, belong to the one 
with slowest travel speed. Hardness (strength) is directly related to heat input and created 
temperature in the SZ. 
3. Decrease in the heat input results in higher hardness (strength) in the SZ and therefore 
improved fatigue life.
121 
 
4. According to the hardness profiles of the FSWed samples, fatigue cracks must initiate 
in the HAZ and TMAZ due to the coarse and non-uniform microstructure of these regions 
and therefore lower hardness values. 
5. Fatigue life of thinner FSWed sheets is better than thicker ones (statistically speaking 
there are less number of defects in a smaller volume of material, i.e. thinner sheet). Void 
initiation, growth, and coalescence (possibly from Al12Mg17 phase particles) result in the 
extensive presence of ductile dimple markings as dominant feature on the fracture surface. 
5.2 Al-Si Al Alloy 
1. The Al-10% Si sheets (4 mm think) were successfully welded using the FSW process. 
There were no macro level defects found under tool rotational speed and traverse speed of 
635 RPM (114 mm/min, 1200 RPM (114 mm/min), and 1530 RPM (420 mm/min). 
2. The microstructure in the SZ changes drastically compared with the base metal. The 
coarse and non-uniformly distributed Si blades/fibers in the BM are broken down into 
smaller, spherical shaped particles in a process known as spheroidization. These 
spheroidized particles are evenly distributed through the SZ.  
3. FSW causes the SZ to become softer than the parent material. This is caused by the 
spheroidization and even distribution of the Si particles through the SZ. Coarse and long 
Si blades, with sharp tips and corners that are heterogeneously distributed in the as-cast 
microstructure are converted to small spheroidized particles with aspect ratio ∼1.  
4. When the rotational speed is held constant at 635 rpm and the traverse speeds are varied, 
there is not much change seen in the hardness values. When the rotational speed is held 
constant at 1200 RPM/1530 RPM, and the traverse speed is decreased the SZ structure 
becomes softer. 
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5. Hardness profile indicates the crack initiation was either in the SZ or TMAZ due to the 
low hardness value in these regions.   
6. When the traverse speed is held constant there were two separate observations made. At 
the lower traverse speed as the rotation speed varies there is no changes seen in the hardness 
but at the higher traverse speed (420 mm/min) as the rotational speed is decreased the alloy 
becomes softer in the SZ.  
7. At lower travel speeds the heat input (temperature) is increased; this caused the Al-
10%Si alloy to become more ductile and improve the fatigue life. The rotational speed has 
no influence on the fatigue profile.  
8. The dominant failure method was observed as ductile fracture which was indicated by 
the dimple markings on the fracture surface. This is in agreement with the Si 
spheroidization phenomenon in the SZ which provides ductility by removing stress 
concentration points of eutectic Si fibers in the as cast structure and converting them to 
spheroidized particles in the SZ.  
5.3 Future Work 
The following are recommended to develop the relationships between local mechanical 
properties and microstructural features: 
• Use electron back-scattering diffraction (EBSD) to further assess the grain size and 
morphology of both AM60 and Al-10%Si alloys and evaluate the texture in the SZ 
of these alloys.  
• Study the effects of different tool profiles on the microstructure and fatigue 
response of the AM60 and Al-10%Si alloys and determine the tool which provides 
optimum response.  
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• Use TEM to study the mechanical twinning and investigate how they contribute to 
the strengthening in the SZ.  
• Incorporate other FSW parameters in the study and use DOE to determine the FSW 
parameters which provide optimum mechanical properties. 
• Study the feasibility of FSW dissimilar joint between the AM60 and the Al-10%Si 
and assess the inter-facial interaction using SEM/TEM
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Appendix A 
Formulas 
A1. Sum of Squares Equations 
𝑆𝑆𝑆𝑆𝑇𝑇 = ���𝑦𝑦𝑖𝑖𝑗𝑗𝑖𝑖2𝑛𝑛
𝑖𝑖=1
𝑏𝑏
𝑗𝑗=1
𝑎𝑎
𝑖𝑖=1
−
𝑦𝑦…2
𝑎𝑎𝑎𝑎𝑎𝑎
 (1) 
𝑆𝑆𝑆𝑆𝑅𝑅𝑅𝑅𝑅𝑅 = 1𝑎𝑎𝑎𝑎�𝑦𝑦𝑖𝑖..2𝑎𝑎
𝑖𝑖=1
−
𝑦𝑦…2
𝑎𝑎𝑎𝑎𝑎𝑎
 (2) 
𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚/𝑚𝑚𝑖𝑖𝑛𝑛 = 1𝑎𝑎𝑎𝑎�𝑦𝑦.𝑗𝑗.2𝑏𝑏
𝑗𝑗=1
−
𝑦𝑦…2
𝑎𝑎𝑎𝑎𝑎𝑎
 (3) 
𝑆𝑆𝑆𝑆𝑖𝑖𝑛𝑛𝑖𝑖𝑖𝑖𝑟𝑟𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑛𝑛𝑖𝑖 = ��𝑦𝑦𝑖𝑖𝑗𝑗.2𝑏𝑏
𝑗𝑗=1
𝑎𝑎
𝑖𝑖=1
−
𝑦𝑦…2
𝑎𝑎𝑎𝑎𝑎𝑎
− 𝑆𝑆𝑆𝑆𝑅𝑅𝑅𝑅𝑅𝑅 − 𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚/𝑚𝑚𝑖𝑖𝑛𝑛 (4) 
𝑆𝑆𝑆𝑆𝐸𝐸 = 𝑆𝑆𝑆𝑆𝑇𝑇 − 𝑆𝑆𝑆𝑆𝑅𝑅𝑅𝑅𝑅𝑅 − 𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚/𝑚𝑚𝑖𝑖𝑛𝑛 − 𝑆𝑆𝑆𝑆𝑖𝑖𝑛𝑛𝑖𝑖𝑖𝑖𝑟𝑟𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑛𝑛𝑖𝑖 (5) 
A2. Degreed of Freedom Equations 
 𝑑𝑑𝑑𝑑𝑑𝑑𝑇𝑇 = 𝑎𝑎𝑎𝑎𝑎𝑎 − 1 (6) 
   
 𝑑𝑑𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅𝑅𝑅 = 𝑎𝑎 − 1 (7) 
   
 𝑑𝑑𝑑𝑑𝑑𝑑𝑚𝑚𝑚𝑚/𝑚𝑚𝑖𝑖𝑛𝑛 = 𝑎𝑎 − 1 (8) 
   
 𝑑𝑑𝑑𝑑𝑑𝑑𝑖𝑖𝑛𝑛𝑖𝑖𝑖𝑖𝑟𝑟𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑛𝑛𝑖𝑖 = (𝑎𝑎 − 1)(𝑎𝑎 − 1) (9) 
   
 𝑑𝑑𝑑𝑑𝑑𝑑𝑖𝑖𝑟𝑟𝑟𝑟𝑖𝑖𝑟𝑟 = 𝑎𝑎𝑎𝑎(𝑎𝑎 − 1) (10) 
 
A3. Mean Square Equations 
 𝑀𝑀𝑆𝑆𝑅𝑅𝑅𝑅𝑅𝑅 = 𝑆𝑆𝑆𝑆𝑅𝑅𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅𝑅𝑅 (11) 
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 𝑀𝑀𝑆𝑆𝑚𝑚𝑚𝑚/𝑚𝑚𝑖𝑖𝑛𝑛 = 𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚/𝑚𝑚𝑖𝑖𝑛𝑛𝑑𝑑𝑑𝑑𝑑𝑑𝑚𝑚𝑚𝑚/𝑚𝑚𝑖𝑖𝑛𝑛 (12) 
   
 𝑀𝑀𝑆𝑆𝑖𝑖𝑛𝑛𝑖𝑖𝑖𝑖𝑟𝑟𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑛𝑛𝑎𝑎 = 𝑆𝑆𝑆𝑆𝑖𝑖𝑛𝑛𝑖𝑖𝑖𝑖𝑟𝑟𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑛𝑛𝑖𝑖𝑑𝑑𝑑𝑑𝑑𝑑𝑖𝑖𝑛𝑛𝑖𝑖𝑖𝑖𝑟𝑟𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑛𝑛𝑖𝑖 (13) 
   
 𝑀𝑀𝑆𝑆𝐸𝐸 = 𝑆𝑆𝑆𝑆𝐸𝐸𝑑𝑑𝑑𝑑𝑑𝑑𝐸𝐸  (14) 
A4. F-value Equations 
 𝐹𝐹𝑅𝑅𝑅𝑅𝑅𝑅 = 𝑀𝑀𝑆𝑆𝑅𝑅𝑅𝑅𝑅𝑅𝑀𝑀𝑆𝑆𝐸𝐸  (15) 
   
 𝐹𝐹𝑚𝑚𝑚𝑚/𝑚𝑚𝑖𝑖𝑛𝑛 = 𝑀𝑀𝑆𝑆𝑚𝑚𝑚𝑚/𝑚𝑚𝑖𝑖𝑛𝑛𝑀𝑀𝑆𝑆𝐸𝐸  (16) 
   
 
𝐹𝐹𝑖𝑖𝑛𝑛𝑖𝑖𝑖𝑖𝑟𝑟𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑛𝑛 = 𝑀𝑀𝑆𝑆𝑖𝑖𝑛𝑛𝑖𝑖𝑖𝑖𝑟𝑟𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑛𝑛𝑖𝑖𝑀𝑀𝑆𝑆𝐸𝐸  
 
(17) 
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Appendix B 
Minitab Output 
 
B1. Two-way ANOVA: hardness versus RPM, mm/min  
Source       DF       SS       MS       F      P 
RPM           2   958.06  479.030  158.37  0.000 
mm/min        2   561.59  280.794   92.83  0.000 
Interaction   4   910.94  227.736   75.29  0.000 
Error        36   108.89    3.025 
Total        44  2539.48 
 
S = 1.739   R-Sq = 95.71%   R-Sq(adj) = 94.76% 
               Individual 95% CIs For Mean Based on 
               Pooled StDev 
RPM      Mean  --------+---------+---------+---------+- 
 635  82.8067                                  (--*-) 
1200  75.3867             (-*--) 
1530  71.7133  (--*-) 
               --------+---------+---------+---------+- 
                    73.5      77.0      80.5      84.0 
                 Individual 95% CIs For Mean Based on 
                 Pooled StDev 
mm/min     Mean  ---+---------+---------+---------+------ 
 48     80.7533                               (--*--) 
220     77.0267                   (--*--) 
422     72.1267  (--*--) 
                 ---+---------+---------+---------+------ 
                 72.0      75.0      78.0      81.0 
B2. One-way ANOVA: hardness versus RPM  
Source  DF      SS     MS      F      P 
RPM      2   958.1  479.0  12.72  0.000 
Error   42  1581.4   37.7 
Total   44  2539.5 
 
S = 6.136   R-Sq = 37.73%   R-Sq(adj) = 34.76% 
                          Individual 95% CIs For Mean Based on 
                          Pooled StDev 
Level   N    Mean  StDev  ---+---------+---------+---------+------ 
 635   15  82.807  3.845                        (------*-----) 
1200   15  75.387  8.127         (------*-----) 
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1530   15  71.713  5.668  (-----*------) 
                          ---+---------+---------+---------+------ 
                          70.0      75.0      80.0      85.0 
 
Pooled StDev = 6.136 
Grouping Information Using Tukey Method 
 
RPM    N    Mean  Grouping 
 635  15  82.807  A 
1200  15  75.387    B 
1530  15  71.713    B 
Means that do not share a letter are significantly different. 
Tukey 95% Simultaneous Confidence Intervals 
All Pairwise Comparisons among Levels of RPM 
 
Individual confidence level = 98.07% 
RPM =  635 subtracted from: 
 
RPM     Lower   Center   Upper  ----+---------+---------+---------+----- 
1200  -12.870   -7.420  -1.970        (------*-------) 
1530  -16.544  -11.093  -5.643  (-------*-------) 
                                ----+---------+---------+---------+----- 
                                -14.0      -7.0       0.0       7.0 
RPM = 1200 subtracted from: 
 
RPM    Lower  Center  Upper  ----+---------+---------+---------+----- 
1530  -9.124  -3.673  1.777             (-------*-------) 
                             ----+---------+---------+---------+----- 
                             -14.0      -7.0       0.0       7.0 
Grouping Information Using Fisher Method 
RPM    N    Mean  Grouping 
 635  15  82.807  A 
1200  15  75.387    B 
1530  15  71.713    B 
 
Means that do not share a letter are significantly different. 
Fisher 95% Individual Confidence Intervals 
All Pairwise Comparisons among Levels of RPM 
 
Simultaneous confidence level = 87.97% 
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RPM =  635 subtracted from: 
 
RPM     Lower   Center   Upper  ------+---------+---------+---------+--- 
1200  -11.942   -7.420  -2.898        (-------*------) 
1530  -15.615  -11.093  -6.572  (-------*------) 
                                ------+---------+---------+---------+--- 
                                  -12.0      -6.0       0.0       6.0 
RPM = 1200 subtracted from: 
 
RPM    Lower  Center  Upper  ------+---------+---------+---------+--- 
1530  -8.195  -3.673  0.848              (-------*------) 
                             ------+---------+---------+---------+--- 
                               -12.0      -6.0       0.0       6.0 
B3. One-way ANOVA: hardness versus mm/min  
Source  DF      SS     MS     F      P 
mm/min   2   561.6  280.8  5.96  0.005 
Error   42  1977.9   47.1 
Total   44  2539.5 
 
S = 6.862   R-Sq = 22.11%   R-Sq(adj) = 18.41% 
                          Individual 95% CIs For Mean Based on 
                          Pooled StDev 
Level   N    Mean  StDev  ---------+---------+---------+---------+ 
 48    15  80.753  8.695                        (--------*--------) 
220    15  77.027  4.153               (--------*--------) 
422    15  72.127  6.960  (--------*--------) 
                          ---------+---------+---------+---------+ 
                                72.0      76.0      80.0      84.0 
 
Pooled StDev = 6.862 
 
Grouping Information Using Tukey Method 
 
mm/min   N    Mean  Grouping 
 48     15  80.753  A 
220     15  77.027  A B 
422     15  72.127    B 
 
Means that do not share a letter are significantly different. 
 
 
Tukey 95% Simultaneous Confidence Intervals 
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All Pairwise Comparisons among Levels of mm/min 
 
Individual confidence level = 98.07% 
 
 
mm/min =  48 subtracted from: 
 
mm/min    Lower  Center   Upper     -+---------+---------+---------+-------- 
220      -9.822  -3.727   2.369            (--------*-------) 
422     -14.722  -8.627  -2.531     (--------*-------) 
                                    -+---------+---------+---------+-------- 
                                 -14.0      -7.0       0.0       7.0 
 
 
mm/min = 220 subtracted from: 
 
mm/min    Lower  Center  Upper     -+---------+---------+---------+-------- 
422     -10.995  -4.900  1.195          (--------*--------) 
                                   -+---------+---------+---------+-------- 
                                -14.0      -7.0       0.0       7.0 
 
Grouping Information Using Fisher Method 
 
mm/min   N    Mean  Grouping 
 48     15  80.753  A 
220     15  77.027  A B 
422     15  72.127    B 
 
Means that do not share a letter are significantly different. 
 
 
Fisher 95% Individual Confidence Intervals 
All Pairwise Comparisons among Levels of mm/min 
 
Simultaneous confidence level = 87.97% 
 
 
mm/min =  48 subtracted from: 
 
mm/min    Lower  Center   Upper   ---+---------+---------+---------+------ 
220      -8.784  -3.727   1.330           (--------*-------) 
422     -13.684  -8.627  -3.570   (--------*-------) 
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                                  ---+---------+---------+---------+------ 
                                 -12.0      -6.0       0.0       6.0 
 
mm/min = 220 subtracted from: 
 
mm/min   Lower  Center  Upper   ---+---------+---------+---------+------ 
422     -9.957  -4.900  0.157         (--------*-------) 
                                ---+---------+---------+---------+------ 
                               -12.0      -6.0       0.0       6.0 
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